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ABSTRACT
The New Guinea fold-and-thrust belt forms a 1000 km long mountain chain running the length of New
Guinea, oblique to the predicted convergence direction. A large component of left-lateral shear across the
mountain belt is expected but geological evidence for such motion is ambiguous. Surface structures in the
fold-and-thrust belt show mountain-building by folding and thrusting, supposedly thin-skinned, of pre-
Pliocene continental shelf sediments, although some evidence indicates that active faulting penetrates the
basement. We examine the active deformation of this mountain belt by using teleseismic long-period P and
SH waveforms, short-period P waveforms, and P-wave first-motions to determine reliable focal
mechanisms and source depths for the eighteen largest earthquakes in the New Guinea fold-and-thrust
belt since 1964. Eight thrust events, with seismic moments (M0 ) between 1017 and 2 x 1018 N m, are
distributed throughout the thrust belt at depths ranging from 0.5 to 45 km, and have steeply dipping fault
planes that strike parallel to surface structural trends. Six of the eight events are between 11 and 25 km
deep. The steep dips of nodal planes, the depths of these earthquakes, and the known thicknesses of the
sedimentary section show that thrust faulting is not exclusively thin-skinned (i.e. confined above a
subhorizontal fault in the sediments) but penetrates the crystalline basement at high angles. Most
earthquakes in the western half of the thrust belt, including the three largest earthquakes examined
(M0 > 5 x 1018 N m), show strike-slip faulting with the probable fault plane oriented east-west, so that
displacement is left-lateral. All but one of these strike-slip earthquakes are shallower than the thrust
earthquakes, suggesting that east-northeast convergence across the fold-and-thrust belt is accommodated
by a decoupled system of strike-slip and dip-slip faults. While the great height of the mountain belt is an
obvious indication that crustal thickening is an important consequence of plate motion in New Guinea,
seismological evidence suggests that translation by strike-slip faulting may play a much greater role than
previously recognized. By analogy, in older collisional orogens, whose motions can be inferred only from
remnant structures and not from seismicity, strike-slip faulting may have been equally important in
accommodating convergence. We estimate from seismic moments of earthquakes and from the volume of
the mountains that deformation of the New Guinea Highlands may account for 5-20% of the total
convergence between the Pacific Plate and Australia in New Guinea.
Mechanisms, depths, and moments also have been determined for 44 shallow earthquakes in Northern
New Guinea. These events show both strike-slip (left-lateral) and dip-slip (thrust) faulting, in nearly equal
proportions, with few oblique-slip mechanisms. In some places, notably the Highlands and the recently
accreted Finisterre-Huon ranges (an island arc terrane), mountain ranges are being built above north or
northeast dipping thrust faults but are simultaneously being deformed by range-parallel strike-slip faulting
within the ranges. The largest two events in the Finisterre-Huon ranges (M0 -5 x 1019 Nm) show strike-
slip faulting on the north side of the ranges. In the E-W Yapen-Sorong fault zone in north New Guinea
west of 1380 E, and in the Bewani-Torrecelli mountains between 141* E and 1440 E, a throughgoing strike-
slip system dominates seismic deformation and the largest earthquakes indicate left slip on E-W fault
planes. Four small thrust earthquakes (M < 1018 Nm) are adjacent to the Yapen-Sorong fault zone, and
three earthquakes in the Bewani-Torreceli zone show oblique slip. The most seismically active part of the
collision is the Mamberamo Thrust Belt in eastern Irian Jaya, a southwest-dipping fault zone with 5 or 6
earthquakes between 30 and 45 km depth, including the largest one (or possibly two) events studied (M0 >
1020 Nm). The deeper earthquakes indicate NE-SW convergence parallel to the north coast. Nine
shallower events indicate E-W thrusting with varying components of strike slip in the hanging wall of the
thrust system. The events at 30-45 km depth possibly represent a down-dip extension of the thrust belt into
the upper mantle, and may show the initiation of south-dipping subduction between 138 *E and 1410 E.
The total moment rate tensor for New Guinea earthquakes shows nearly equal strike-slip and vertical
thickening components and predicts the same convergence direction as determined from global plate
motions (N72*E). However, the convergence rate from 24 years of seismicity is 2-10 times smaller than
the 120 mm/a global plate motion rate.
The depth of the foreland basin south of the Highlands is no more than 1500 m in Papua New Guinea
and in many places only 100-200 m, indicating little deflection of the Australian lithosphere beneath the
load of the mountains. Calculations of elastic loading, in which the topographic load of the entire mountain
range is supported by Australian lithosphere of uniform flexural rigidity (D) predict a basin 2-10 times
deeper than observed in eastern New Guinea for a wide range of D (10 - Nm). Bouguer gravity
anomalies in the eastern Highlands, 143-144" E, are consistent with local Airy compensation of the
mountains, and preclude a continuous plate with D > 1022 Nm underlying any significant portion of the
mountains. In contrast, the observed broad foredeep flexure in central New Guinea near 141-142* E
requires a strong lithosphere (D = 1024-1025 Nm), and limited gravity and sediment thickness observations
farther west indicate similar flexural rigidities. Gravity anomalies and observed basin depths throughout
New Guinea can be explained by a strong and continuous lithosphere beneath the foredeep extending no
more than 20-60 km north of the range front, implying that the plate has weakened beneath the thrust belt.
Collateral evidence for plate weakening beneath the Highlands may be found in the earthquakes at 10-25
km depth with high-angle thrust mechanisms, and in widespread Quaternary volcanism throughout the
eastern thrust belt. A 50 mgal positive residual anomaly over the northern 100 km of the eastern
Highlands cannot be explained by local compensation or mechanical support from the south, indicating
either a large excess mass at depth or some additional form of support for the northeastern Highlands.
The gravity observations in eastern New Guinea require 10-15 km of crustal thickening, but observed
sediment thicknesses can only account for 0-5 km, necessitating 5-15 km of thickening in the basement.
Earthquakes in the Papua New Guinea (PNG) region from 1967 to 1984 have been relocated as part
of an inversion for seismic velocities using P and S wave arrival times recorded by seismographs in PNG.
Arrivals for 957 well-recorded earthquakes were chosen from an initial catalog of 12,960 events for use in
three-dimensional velocity inversions, based on the stability of hypocenter relocations in one-dimensional
inversions. A spherical geometry was incorporated into the block inversion technique to give accurate
results for raypaths up to 1500 kmn in length. Constant velocity blocks were defined as irregular polyhedra
to give finer detail in heavily sampled areas, using a minimum number of parameters. Most of the -700
best located hypocenters from the PNG data set are beneath the Papuan Peninsula, near the New Britain
seismic zone (an oceanic subduction system), and in the upper mantle beneath the Finisterre-Huon (FH)
ranges. These hypocenters show a distinct, well-defined seismic zone dipping vertically or steeply to the
north beneath the northern FH ranges from 125 to 250 kmi depth, continuous along strike with the New
Britain seismic zone (which shows earthquakes to 600 km depth). The steeply dipping intermediate-depth
seismicity flattens near 100 kmi depth beneath the FH ranges forming a well defined flat zone beneath the
FH ranges. By contrast, seismicity continues to the surface beneath New Britain where the arc has not yet
collided with New Guinea. The 100 km-deep zone does not continue south of the FH mountains but
appears to be truncated on both the east and south, and no evidence for a south-dipping seismic zone
could be found. All of the well located subcrustal earthquakes beneath the Papuan Peninsula lie in a
narrow horizontal line between 125 and 175 km depth that follows the center of the Peninsula, and are
distinctly separated from the FH seismic zone to the north. These events do not require a southward
subducting plate beneath the Papuan Peninsula. Nowhere in PNG could evidence for arc polarity reversal
be found from seismicity. Information on lateral heterogeneity in the mantle is limited because large
variations exist in crustal velocities. Allowing for crustal heterogeneity reduces travel time residual
variances by 40% from a simple one dimensional structure, while allowing for mantle heterogeneity results
in no more than 10% further reduction for the various parameterizations attempted here. Inversions show
low velocities at 35-171 km depth beneath the Bismarck Sea back-arc basin and high velocities just south of
the intermediate depth FH seismic zone. These features are found in inversions with different block
geometries, are visible in the spatial pattern of travel time residuals, and are predicted to be resolvable
from tests with rays traced through simple structures. The pattern of lateral heterogeneity supports the
inference from seismicity of north-dipping slabs beneath both New Guinea and New Britain.
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Preface
This thesis constitutes a geophysical approach to a basic geological problem, to determine on a
regional scale the modes and mechanisms of deformation in an orogenic belt. This problem has been
addressed with varying success in many different mountain belts around the world, most often using
surface mapping as a primary tool. With the advent of modern geophysical data and techniques, as well as
with new perspectives offered by plate tectonics, a somewhat different approach focussed on subsurface
processes can be taken. Still, many big (i.e. vague) questions remain poorly resolved, such as how
mountains grow and evolve, how new material is accreted on to continents, and how large-scale plate
motions are related to deformation in complex regions. These problems are addressed here in two main
ways, by making observations constraining the mechanical behavior of crustal deformation, and by
examining structures related to upper mantle seismicity.
The plate boundary in New Guinea is a complex, poorly understood active orogenic belt that has been
largely produced by a Neogene continent-island arc collision. Considerable seismicity, volcanism, and
uplift of mountains attests to the active nature of this collision. In many ways, because most of the
deformation in New Guinea has occurred in the last 5 Ma or so and because deformation is still active,
New Guinea forms a type example for arc-continent collision and the resultant terrane accretion and
mountain building. At present, accreted island arc "terranes" make up much of the north coast of the
island, while the interior is dominated by a continental mountain belt that has advanced south over the
Australian margin. Many aspects of the collision are analogous to several older orogenic belts, such as the
Mesozoic orogenies and terrain accretion episodes in western North America.
Despite its size and activity the orogenic belt in New Guinea has received little attention compared to
many other mountain belts around the world, probably because of its inaccessibility and the difficulty of
mapping in dense jungle. The main part of the orogen extends 1500 km across the northern part of the
Australian continent forming mountains to 5000 m elevation, making the New Guinea Highlands the
largest mountains between the Andes and the Himalaya. Global plate convergence rates are high for a
continental collision zone, near 120 mm/a, and result in rapid deformation -- earthquakes in the New
Guinea-Solomon Sea region account for nearly 10 % of all earthquakes globally. What previous work that
has been done on this orogenic belt has been almost entirely in the eastern half (Papua New Guinea) by oil
companies and by Australian and, later, Papua New Guinean government geologists. The western half of
the island (Irian Jaya, Indonesia) has remained nearly completely unstudied except for some oil
exploration work in the basins and regional mapping in the west on the Bird's Head Peninsula.
Fortunately for me this relative ignorance about regional geology has left many basic questions
unanswered, and the geophysical approaches used here provide some unambiguous (and much ambiguous)
new information on the dynamics of the collision zone.
The first two chapters of this thesis examine the active shallow deformation of New Guinea by
determining mechanisms, depths, and moments for the large shallow earthquakes, and provide constraints
on the rates and modes of shallow deformation. The first looks at active deformation in the New Guinea
Fold and Thrust Belt, where convergence has produced high mountains and a continental orogenic belt on
the former northern margin of Australia. The second looks at the more active northern belt of seismicity
and examines how the site of the arc-continent collision continues to deform. Deformation in both zones
is strongly influenced by the oblique nature of the collision, a result of Pacific-Australia plate convergence
that is about 45* from the trend of structures. A primary result of both of these studies is that strike-slip
faulting plays a major role in what at first glance appears to be a compressional orogen.
In general, each of the four or five main deforming zones in New Guinea is responding to oblique
convergence by both strike-slip and dip-slip faulting, with one or the other fault type predominant.
Oblique-slip faulting is rare. Thrust faults presumably control the deformation in mountainous areas such
as the Highlands and the Adelbert-Finisterre-Huon ranges, even though in both of these areas the largest
earthquakes are strike-slip events in the upper plate of the thrust system. The young Mamberamo Thrust
Belt (137*E-141*E) shows comparatively little topography but substantial seismicity, with oblique
convergence apparently taken up in the upper plate by thrust earthquakes striking nearly N-S. Along the
Sorong-Yapen fault system and the Bewani-Torrecelli fault system strike-slip faulting appears to
predominate, although some earthquakes in the Bewani-Torrecelli ranges show a oblique-slip mechanisms
and several small thrust earthquakes are found within 100 km of the Sorong-Yapen zone. The thrusting
associated with the large strike-slip zones appears similar to compressional structures and earthquakes
observed near large strike-slip zones elsewhere in the world, notably the San Andreas Fault in California,
while strike-slip faulting in the large thrust belts seems to be an example of the "decoupling" of oblique
convergence into strike-slip and dip-slip motion observed at many subduction zones. The total
deformation rate from both types of faulting, estimated by summing moment tensors, is in close agreement
with the direction (but not the rate) of global plate convergence.
The third chapter attempts to constrain the mechanical processes involved in the support of high
topography in the New Guinea Highlands. Evidence for these processes is found in Bouguer gravity
anomalies over the Fold and Thrust Belt and over the adjacent foreland basin to the south, as well as in the
subsurface shape of the foredeep. An elastic plate bending mechanism explains the support of the
Highlands in central and probably eastern New Guinea, with flexural rigidities in central New Guinea
similar to those in northern Australia. By contrast, the eastern part of the Highlands are locally
compensated, and the weight of topography produces almost no deflection (100-300 m) beneath the
adjacent foredeep. This observation indicates that the plate is very weak beneath these mountains,
probably as a consequence of both thermal and mechanical processes. Widespread Quaternary volcanism
in the eastern Highlands indicates substantial heating of the lithosphere here, while basement faulting and
earthquakes at mid-crustal depths indicates that mechanical deformation is penetrative.
Results from the first three chapters emphasize the importance of penetrative deformation throughout
the crust for New Guinea and by inference for many other accretionary orogens. Thin-skinned
interpretations based on surface mapping have become increasingly popular for describing folding and
faulting in New Guinea, but the penetrative nature of deformation suggested by earthquakes and gravity
indicates that these interpretations are inadequate. Chapter 1 documents the presence of high-angle thrust
earthquakes well below the sediments in the Highlands, reaching depths of 25 km in Irian Jaya and in parts
of Papua New Guinea. Thrust earthquakes are also seen at similar depths in places farther north (Chapter
2). Extensive plate weakening in the eastern Highlands and the correspondent crustal thickening needed
to produce an Airy root (Chapter 3) require substantial deformation at depth, and corroborate the
inference of thick-skinned deformation made in Chapter 1. The most active, deepest zone of deformation
is in the Mamberamo Thrust Belt of northeastern Irian Jaya, where thrust faulting to 45 km depth implies
that this thrust system extends at least into the uppermost mantle and may constitute a young subduction
system.
The final chapter examines the subcrustal part of the collision, upper mantle seismicity and associated
structures. A primary aim of this chapter is to determine whether or not an arc polarity reversal has taken
place beneath New Guinea, a process often suggested as a consequence of arc-continent collision in
general and suggested in New Guinea in particular. The problem is approached by refining the data set of
arrival times used in determining earthquake locations, by repicking many times and relocating these
earthquakes in a joint inversion for hypocenter locations and laterally varying seismic velocities. These
new locations provide a much clearer picture of seismicity than in previous studies, most of which rely on
ISC or USGS locations. A narrow north-dipping slab is seen beneath the north coast of east New Guinea
reaching 250 km depth, steeply dipping below 125 km and nearly flat at 100 km. Deeper than 125 km this
zone is continuous along strike with the adjacent deep seismic zone beneath New Britain, indicating the
former presence of continuous subduction from New Britain to at least central New Guinea, probably
ceasing 1.4-2.8 Ma ago. The seismicity beneath New Guinea is flat beneath the northern coastal
mountains and is abruptly terminated at its southern edge, showing no clear signs of a south dipping zone
that would indicate that arc polarity reversal has taken place. A velocity contrast is indicated between the
upper mantle north of the seismicity beneath the Bismarck Sea, and the upper mantle within or south of
the seismicity beneath New Guinea. Low velocities are associated with the Bismarck Sea, as is expected
beneath a volcanic arc/back-arc basin environment. Intermediate depth earthquakes are also beneath the
Papuan Peninsula, but the seismicity is confined to a horizontal line near 150 km depth and does not show
any obvious dip to indicate subduction direction. Both in the Papuan Peninsula and in northern New
Guinea, it is difficult to relate the near-surface deformation discussed in Chapters 1-3 to the upper mantle
seismicity, in part because well located earthquakes are few between 100 kmi and the surface and in part
because the few earthquakes at these depths do not form a well defined zone. Beneath both the Papuan
Peninsula and the Finisterre-Huon Ranges seismicity does not indicate simple subduction, pointing to the
need for better understanding of processes in the lower lithosphere.
Most of the work in this thesis is my own, but because most chapters take the form of multi-authored
papers it is important to specify other contributions.
Rob McCaffrey wrote most of the waveform inversion programs used in Chapters 1 and 2, and
provided considerable guidance in the earlier parts of the work especially of Chapter 1. He digitized
seismograms and determined preliminary solutions for two earthquakes in Chapter 1, and one in Chapter
2. John Nabelek helped in the initial phases of Chapter 1 when it was still a generals paper, and Eric
Bergman generated some of the seismograms in Figure 5 of Chapter 1. I did all the rest although the
interpretations are influenced by many discussions with others, primarily with Rob.
The gravity and other data in Chapter 3 was all collected previously between 1938 and 1984, primarily
by oil companies, the Australian Bureau of Mineral Resources, its successor the Geological Survey of
PNG, V. Paul St. John, and John Milsom. Most of the data for Papua New Guinea was "cleaned" of bad
points and organized to common reference systems by the Robertson Research consulting firm, compiled
in the 1984 Papuan Basin Report for GSPNG. I added terrain corrections from additional sources,
described in the text, combined them with the other data, and digitized the topography from maps. H616ne
Lyon-Caen and I worked together for four weeks in 1986 on the initial analysis, using H616ne's programs
for the method she previously used in many famous papers. I did the final analyses, most of the
interpretations, and wrote the paper.
The fourth chapter would have been impossible without the thousands of seismograms collected by the
Port Moresby Geophysical Observatory and the Rabaul Volcanological Observatory between 1967 and
1984. Almost all of the arrival times were picked by the numerous workers at these observatories, with
some additional times were repicked by Alois Giwisa and me from digital seismograms recorded by
Bouganville Copper Ltd. I repicked 2000-2500 of these times and repicked several new times from original
records in PNG, with logistical assistance from the PMGO and RVO observatory staff. Steve Roecker
provided extensive guidance in the relocations/velocity inversions, and wrote most of the original computer
codes. I rewrote large sections of the code for a spherical rather than planar geometry and added the
fancy irregularly-shaped block parameterizations. I did almost all of the inversions and wrote the paper.
CHAPTER 1
Active deformation in the New Guinea Fold-and-
Thrust Belt: seismological evidence for strike-slip
faulting and basement-involved thrusting'
INTRODUCTION
Central New Guinea is one of the few places where an arc-continent collision is actively producing a
mountain belt, and as such serves as a type area for present-day continental accretion [e.g., Dewey and
Bird, 1970], yet little is known about active processes there. New Guinea was the passive northern margin
of the Australian continent throughout Mesozoic and early Cenozoic time, until one or more volcanic arcs
collided with it in the late Cenozoic [e.g., Hamilton, 1979]. Present-day deformation is a consequence of
continued convergence between the Pacific and Australian plates, and is unevenly distributed over the
northern 200 km of the island, with most activity in the mountains or near the north coast. Seismic activity
near the north coast (Figure 2) accounts for some of the convergence across the island and will be
discussed in a later paper (Chapter 2). Because plate convergence is highly oblique to the trend of the
island (Figure 1) deformation in New Guinea is not purely compressional but must include a large
component of left-lateral shear. The growth of the mountains in New Guinea therefore provides an active
example for continental accretion and oblique convergence in older mountain belts such as the North
American Cordillera [e.g., Silver and Smith, 1983].
We examine the active tectonics of the fold-and-thrust belt, which produces most of the mountainous
topography in New Guinea. The mountains, referred to as the Highlands, form the central spine of New
Guinea from 135 E to 145 E, with peaks 3 to 5 km above the adjacent foreland basin. We use teleseismic
body waveforms to constrain depths, mechanisms, and seismic moments of the largest earthquakes there.
One concern is whether or not thin-skinned faulting is the sole mode of shortening in the fold-and-thrust
belt. Depths of earthquakes reported in catalogs of seismicity provide little or misleading information
1Published as Abers, G. and R. McCaffrey, J. Geophys. Res., 93, 13,332-13,354, 1988.
because depths of shallow earthquakes can be in error by many tens of kilometers [e.g., Jackson, 1980],
even when "pP" is used [McCaffrey, 1988]. By analyzing teleseismic waveforms we are able to determine
depths of thrust earthquakes to within 2-5 kin, and strike-slip earthquakes to within 7-10 kin, allowing us to
distinguish between thin-skinned and basement-involved faulting. The second objective of this study is to
investigate how oblique convergence affects mountain building in the thrust belt. By constraining the focal
mechanisms and seismic moments, we establish the relative importance of crustal thickening and left-
lateral shear in the mountains. We estimate the spatial extent of strike-slip faulting within the mountains,
and its relationship to thrust faulting. Our results show that there is high-angle thrust faulting within the
basement beneath assumed thin-skinned faults in the sediments, and that most earthquakes result from
left-lateral strike-slip faulting parallel to the mountain front.
TECTONIC SETTING
Regional Geology. Large-scale structures on New Guinea trend roughly WNW-ESE (Figure 1), and
have been grouped into four provinces from south to north [Dow, 1977]: the stable platform/foreland
basin, the fold-and-thrust belt, the mobile belt, and a belt of former island arcs. These divisions are
relevant only to central New Guinea, and do not describe structures in the Papuan peninsula in the east or
the Bird's Head in the west. Most geologic observations are from Papua New Guinea (PNG) and the
western third of Indonesian New Guinea (Irian Jaya); little surface mapping has been done in the main
part of Irian Jaya [Dow and Sukamrnto, 1984b].
The stable Australian platform is covered by a Mesozoic and Cenozoic sedimentary sequence. Most
sediments older than early to mid-Miocene were deposited in a passive margin setting, while present-day
deposits on the platform and foreland basin are dominated by clastic sediments derived from the
Highlands [e.g., Davies, 1978; Dow, 1977]. North of the foreland basin a sequence of folded and faulted
platform rocks makes up a fold-and-thrust belt that extends through much of the Highlands. Paleozoic
basement rocks similar to those on the Australian mainland have been found beneath the platform
sequence, at least as far north as the Kubor Range in the east [Bain et al., 1975] and at scattered localities
in the western mountains [e.g., Dow and Sukamrnto, 1984b; Visser and Hermes, 1962]. The mobile belt
assemblage north of the suture includes deep-water sediments, volcanic rocks, and ultramafic intrusives
that are intensely deformed and have undergone metamorphism up to blueschist grade [e.g. Hamilton,
1979]. Ophiolites have been identified throughout the mobile belt on the northern flanks of the Highlands
[e.g. Davies, 1982; Dow and Sukamto, 1984a,b], providing evidence for the closing of an ocean basin. Rocks
along the north coast reveal former island arcs active until Miocene times [e.g., Dow, 1977]. Most island
arc rocks are separated from the highlands by a series of Neogene basins.
Fold-and-thrust belt. The fold-and-thrust belt, the focus of this paper, extends from the medial suture
to the southern limit of deformation and incorporates Cenozoic and some Mesozoic shelf sediments in
south-verging asymmetric folds and north-dipping thrust faults [Dow, 1977; Jenkins, 1974]. Competent
Tertiary carbonate sequences form imbricate thrust sequences in eastern parts of the thrust belt,
suggesting that surface faults are confined above a d6collement [Findlay, 1974; Hobson, 1986; Jenkins,
1974]. In the western thrust belt shales are predominant and rarely form coherent thrust sheets [Hamilton,
1979] and faulting includes Paleozoic rocks in places [Dow and Sukamto, 1984b]. The deformation front is
advancing south over the foreland basin and is currently incorporating sediments younger than 0.2 Ma;
Pliocene molasse originally deposited at the axis of the Pliocene basin is now involved in folding [Hamilton,
1979]. Erosional patterns in Irian Jaya show Quaternary uplift of the southern foothills concurrent with
subsidence of the adjacent foreland basin [Visser and Hermes, 1962], also suggesting that the frontal thrusts
are still advancing southward.
Mapping in the region south of the Kubor Range shows that older rocks are not included in thrust
sheets and a few drill holes show that the oldest rocks are undisturbed, suggesting that d6collements in the
fold-and-thrust belt are located in the Mesozoic or early Cenozoic strata [e.g., Dow, 1977; Dow and
Sukamto, 1984a; Findlay, 1974; Hamilton, 1979; Hobson, 1986; Jenkins, 1974] and that deformation is
confined to the upper 5-10 km of the crust. Mapping in other parts of the thrust belt, however, suggests
that faulting extends into the basement [e.g., Davies, 1978, 1982]. Uplifted sections of basement rocks, such
as the Kubor uplift [Bain et al., 1975], are found in parts of the thrust belt. Some recent interpretations
based on 1:250 000-scale geological mapping [Davies, 1982, 1983] and reported depths of earthquakes
[Ripper and McCue, 1983] suggest that some faulting penetrates the crystalline basement.
Distribution of left-lateral shear. Solutions for global plate motions [Minster and Jordan, 1978] predict
-120 mm/a convergence between the Pacific plate and Australia at an azimuth of 700 across New Guinea
(Figure 1) but the trend of the north coast, the major faults, and other deforming zones are far from
perpendicular to this azimuth. The predicted convergence direction suggests either that faulting is oblique
or that deformation is segregated into left-lateral strike-slip faulting and pure dip-slip faulting (analogous
to faulting in Sumatra, Japan, and the Philippines [Fitch, 1972]).
In eastern New Guinea much of the left-lateral component of Pacific-Australia motion may occur
offshore. The eastern quarter of New Guinea is south of the "South Bismarck" plate (Figure 1) which
moves ESE with respect to the northern Bismarck Sea at 90-100 mm/a [Taylor, 1979]. The resulting
motion between the south Bismarck plate and Australia is almost perpendicular to the trend of structures
in New Guinea at a rate of -50 mm/yr, and is consistent with predominantly thrust mechanisms for fault-
plane solutions in eastern New Guinea [e.g., Chapter 2; Johnson and Molnar, 1972; Weissel et al., 1982;
Cooper and Taylor, 1987].
The -100 mm/yr of left-lateral motion is harder to account for in central and western New Guinea
where no offshore transform-fault systems are observed. In the northern Bird's Head region there is
geological evidence for -400 km of left-lateral slip on the Sorong fault zone since late Miocene [Dow and
Sukamto, 1984a] and large strike-slip earthquakes show that it is still active [Chapter 2; Giardini et al.,
1985]. Seismicity north of the mountains in the central part of the island is near the coastal mountains and
the Neogene basins. Published focal mechanisms and our preliminary waveform solutions for these events
largely show thrust faulting [Cooper and Taylor, 1987; centroid-moment tensor solutions, Chapter 2] but
these earthquakes occur beneath regions of little relief or surface deformation and therefore have probably
not contributed very much to the total convergence.
The Tarera-Aiduna fault zone in the south displays features of a strike-slip fault [Dow and Sukamto,
1984a; Hamilton, 1979] although there are no geological constraints on the sense or amount of slip [Pigram
and Panggabean, 1983]. The surface expression of the Tarera-Aiduna fault zone apparently ends at the
Weyland Overthrust [Dow and Sukamto, 1984a] and the only mapped strike-slip faults east of 136 *E are
tear faults, striking at high angles to the thrust belt [Pigram and Panggabean, 1983]. In Eastern Irian Jaya,
where surface geological mapping is sparse, only thrust faults have been mapped south of the suture zone
[Dow and Sukamto, 1984a; Dow et al., 1986].
WAVEFORM INVERSION
Focal mechanisms and depths were determined for large earthquakes in the fold-and-thrust belt
(Figures 2,3; Table 1) using least-squares inversion to match teleseismic body waves. Eighteen earthquakes
with useable body waves occurred south of the medial suture since 1964. Long-period and short-period P
waveforms and long-period SH waveforms were digitized from analog records of the World-Wide
Standard Seismograph Network (WWSSN) or taken from Global Digital Seismograph Network (GDSN)
digital tapes. Analog records were interpolated at 0.5 s and 0.1 s intervals for long and short period data,
respectively, and long-period GDSN seismograms were sampled at 1 s. Linear trends were removed from
the seismograms and the waveforms were windowed to include the first one to two minutes of the P and
SH phases. P- and SH-wave records were limited to epicentral distance ranges of 30" to 90" and 30* to
75", respectively, in order to avoid complications in the observed signal caused by propagation in the
upper mantle or near the core-mantle boundary. Because the amplitudes of short-period seismograms
differed by factors of two or more between nearby stations they were normalized to the root-mean-squared
amplitude for each seismogram [McCaffrey and Nabelek, 1984], and were not used in the estimates of
seismic moment.
The waveform inversion method [McCaffrey and Abers, 1988] is similar to that of Nabelek [1984, 1985]
and is based on the method for calculating far-field displacement due to a point-dislocation source
developed by Langston and Helmberger [1975]. Waveforms are treated as a combination of direct phases (P
or SH) and phases reflected from the earth's surface (pP, sP, or sS), modified by a receiver instrument
response, geometrical spreading, and mantle attenuation, described by a t* [Futtermnan, 1962] of 1 s for
compressional waves and 4 s for shear waves (errors in t* affect estimates of moment and source duration,
but have little effect on other parameters [Nabelek, 1984]). Analysis of smaller events from Irian Jaya with
simple source time functions shows that source structure there is sufficiently represented by a
homogeneous half-space with assumed compressional velocity (Vp) of 6.5 km/s, shear velocity (Vs) of 3.7-
3.9 km/s, density (p) of 2800 kg/m 3. One layer representing sediments (Vp = 4.5 km/s, VS = 2.7 km/s, p
= 2400 kg/m 3) over a crustal half-space was used to describe structure in PNG, to facilitate comparison
with geological cross-sections [Hobson, 1986]. For event 11, at 45 km depth, we described the source
structure with a 38 km crustal layer overlying a mantle half-space (assumed Vp = 8.0 km/s, Vs = 4.5
km/s, p = 3300 kg/m3). The source-time function is parameterized by a series of triangular elements
whose amplitudes are determined in the inversion [e.g., Nabelek, 1984; 1985] but are required to be
positive. The double-couple source is described by the strike and dip of one nodal plane, the slip direction
on that plane, using the convention of Aki and Richards [1980], the depth, the seismic moment, and the
source-time function shape.
Source parameters were determined by a least-squares minimization of amplitude residuals between
the observed and calculated seismograms (Table 2). In order to reduce the number of degrees of freedom
in the inversions, initial solutions were constrained to have simple source-time functions. A longer and
more finely sampled source time function was allowed when the mechanism had converged to stable
values. Mechanisms based on P-wave first motions picked from WWSSN records were used as starting
models, and starting arrival times were estimated from the ISC hypocenters and the Jeffreys-Bullen travel-
time tables. In one case (event 11) short-period first motions are used to constrain the final solution. Once
the solution had converged, the starting times for the observed seismograms were adjusted by maximizing
the cross-correlation between the calculated and observed waveforms but arrival times were constrained to
match clear first-arrivals, if present, to within 1.0 s. Cross-correlation without constraining the arrival times
of the direct phases can lead to a depth bias if the amplitudes of reflected phases are much larger than the
direct arrival. Arrival times for some emergent long-period waveforms were picked from corresponding
short-period records.
In the Appendix we analyze uncertainties in the waveform inversion procedure. For events with long-
period data only, uncertainties in depth are typically less than 5 km for high-angle thrust earthquakes and
5-10 km for strike-slip earthquakes, and the few events with short-period data have smaller uncertainties in
depth. The strike of nodal planes can be constrained to within 100 for the strike-slip earthquake
mechanisms, and within 10-200 for high-angle thrust mechanisms depending on the distribution and
quality of SH waveforms. The inversion results are insensitive to the number of stations used as long as the
stations are well-distributed in azimuth. A poor distribution, however, can bias the inversion results; we
found that inversion waveforms from stations in Asia alone can give depths 5-6 km greater than waveforms
from inversion of Australian data alone. The smallest earthquakes studied were recorded only by high-gain
stations in Asia and consequently their source parameters are less well constrained.
RESULTS
Earthquakes in the Papua New Guinea Fold-and-Thrust Belt
8 October 1971 (Event 1). Of the events studied the 1971 earthquake is the closest to the southern
thrust front in Papua New Guinea (Figures 2 and 4), where faulting is often assumed to be confined above
a low-angle master thrust or detachment [e.g., Dow, 1977; Hamilton, 1979]. A thrust mechanism was found
similar to that of Ripper and McCue [1983], with steeply dipping nodal planes striking parallel to thrusts
and folds near the epicenter (Figures 2 and 3a). The calculated depth for the earthquake is 11 + 3 km,
placing it in either the uppermost basement or the lowermost part of the Triassic-Jurassic sequence
[Hobson, 1986] but well below the suspected low-angle fault underlying the thin-skinned thrust belt. We
examined the earthquake depth in detail (Figure 5) to verify that the depth of the earthquake is
considerably deeper than the 5 km depth for the d6collement horizon determined by Hobson [1986].
The velocity structure assumed for events 1-4, a 9 kmin-thick upper layer representing sediments over a
crustal half-space, simulates a balanced cross-section located 5-10 km along strike from events 1-3
[Hobson, 1986, cross-section 4]. Hobson shows a sediment-basement interface, interpreted from seismic
profiles, lying 10 km below the surface near the thrust front and dipping gently to the north. The same
structure is assumed for all four events in PNG to simplify comparison of their depths.
The source duration for the earthquake was short (Table 2), so distinct phases are visible in short-
period seismograms. Arrivals were identified in the short-period seismograms 4.5-5.0 s after the direct P
arrival and have the correct polarity for pP from the free surface (Figures 3a and 5). These arrivals are
clear on all seismograms (Figure 3a) and are the first strong arrivals following the direct P, making it
unlikely that the depth phases arrive any earlier. Changing the depth of the event by as little as 1.3 km
produces observable differences in timing of the depth phases (Figure 5). Thus, for a given crustal velocity
structure, depths can be determined to within 1 to 2 km using short-period waveforms. The depth
decreased by 0.9 km when the structure was assumed to be a half-space with sedimentary velocities,
suggesting that errors in depth due to assuming the wrong velocity structure are near 1 km. We conclude
that the event is within 2-3 km of 11 km depth and is below the 5 km depth to the bottom of the thin-
skinned belt.
Other PNG earthquakes. Events 2 and 3 (Figures 3b and 3c) were located 10-20 km south of the Kubor
Uplift (Figure 4) and exhibit high-angle thrusting at 20-25 km depth. Nodal planes strike parallel to local
structural trends and have orientations similar to those found by Ripper and McCue [1983]. Event 2 was
large enough to be recorded by stations covering a wide range in azimuth and its mechanism is well-
constrained by the waveforms. Analysis of other well-recorded events with similar mechanisms and depths
suggest that the uncertainties are 5 km or less in depth and 10-15" in mechanism orientation (see
Appendix). Event 3 was smaller (Table 1) and was recorded only by high-gain stations to the northwest,
spanning 28" in azimuth. Consequently, the mechanism is not as well-constrained as that for event 2, but
the similarity of the available waveforms to those for event 2 indicate a similar mechanism and depth (see
Appendix).
Event 4 (Figure 3d) was located west of events 1-3, beneath the flanks of the Quaternary Kerewa
volcano (Figure 4), and caused landslides near the town of Margarima [Davies, 1983; Ripper and McCue,
1983]. This is the only thrust earthquake presented in this paper that has a depth of less than 10 km, and
additional tests have shown it is probably within 2 km of the surface. A shallow source is indicated by the
narrowness of the initial half-cycle of the P wave, caused by truncation due to the arrival of reflected phase
pP of opposite polarity. The truncation of the first half-cycle is not due to the termination of the source-
time function because the second and third half-cycles are broader, requiring a source duration of about 7
s. Small P-to-SH amplitude ratios for a thrust mechanism are also diagnostic of a shallow depth. Because
the reflected pP phase and the direct P phase interfere destructively for this mechanism, while the
reflected and direct SH phases interfere constructively, P-to-SH amplitude ratios decrease observably as
the source comes within a few km of the surface. For example, compare SH/P amplitudes for events 3 and
4 (note amplitude scale at bottom left of SH and P focal spheres).
Earthquakes in Eastern Irian Jaya
The three largest earthquakes in the Highlands (Mb > 6.0) occurred in eastern Irian Jaya between
139*E and 140.5 0 E, along with numerous aftershocks (Figure 2). The seven events discussed in this
section form an east-west linear trend 150 km long and 10 km wide that is parallel to surface structures
west of 139.6 " E but cuts across structures east of 139.6 0 E (Figure 6). The ISC epicenters are between 0 to
30 km south of the highest parts of the ranges, where elevations exceed 4000 m, and are between 20 and 55
km from the foreland basin which is at sea-level. First-motion solutions by Ripper and McCue [1976] and
Letz [1985] are considerably different from our mechanisms for all events except event 9, while the
centroid-moment tensor solutions for events 10 and 11 are similar to ours [Dziewonski and Woodhouse,
1983; Dziewonski et al., 1983].
Although three small events, 5, 8, and 11, have high-angle thrust mechanisms similar to earthquakes in
PNG, the three largest and one small earthquake have strike slip mechanisms. (The normal faulting
mechanism on Figures 1 and 6, discussed below, is a subevent of the largest strike-slip earthquake, event
6.) The east-west striking nodal planes of the strike-slip events are parallel to both the alignment of
epicenters and nearby structural trends, suggesting that they are the fault planes. The sense of motion on
the strike-slip faults is therefore left-lateral (see Discussion). Strike-slip earthquakes 6a, 7, and 9 show fault
planes that dip south at 55-60*.
Earthquakes 5 and 8 show high-angle thrusting at 20-25 km depth and shortening roughly
perpendicular to the mountain chain. Azimuthal station coverage is poor for event 5 and uncertainties in
the mechanism are probably larger than for other thrust events (Appendix). The depth for event 8 is
determined by the clear reflected phases, suggesting ±5 km depth uncertainty (Figure 8). Event 11 shows
thrusting at 45 km depth, in the lower crust or uppermost mantle, with the mechanism constrained to
agree with first motions picked by us from both WWSSN records and seismograms recorded at stations in
PNG (Figure 3k).
25 June 1976 (Event 6). This was the largest earthquake in the Highlands since the WWSSN was
installed (Ms = 7.1; M0 = 5 x 1019 N m) and caused extensive surface damage, deaths and injuries [Ripper
and McCue, 1983]. Aftershocks persisted for at least half a year and include three other events studied here
(7, 8, and 9). The waveforms from the main shock (Figures 3f and 7) show a complex series of arrivals at
all stations. Smaller events in the same area (5, 7, and 8) have simpler waveforms and are matched with
point-source mechanisms in half-space source structures (Figures 3e, 3g, and 3h), demonstrating that the
additional arrivals observed from the 25 June 1976 event are likely produced by the earthquake source
rather than by near-source structure.
For the main shock an arrival 20 seconds after the first arrival can be seen on almost all records and is
interpreted as a second subevent. Initially the waveforms were fit with a single mechanism and a source
time function 36 s long (Figure 7, case I). The resulting mechanism is oblique-slip and does not match
observed seismograms from most stations south and east of the epicenter. The match is much better (23%
decrease in variance) when the earthquake is broken into two subevents with different mechanisms (Figure
7, case IV). The first subevent had a strike-slip mechanism and 87% of the total seismic moment (Figure 7,
case II) and was followed 20 s later by a smaller, predominantly normal-faulting subevent (Figure 7, case
III). The first subevent shows more impulsive arrivals to the NW than to the SE, and is matched by a small
component of thrusting. The strikes of the nodal planes for the second subevent are unconstrained because
the calculated P-waves are very similar at all azimuths and SH arrivals for this subevent cannot be
identified with confidence.
Depth of faulting. The large strike-slip earthquakes have best-fit centroid depths less than 20 kin, while
the thrust earthquakes are deeper than 20 km (Table 2). The smallest strike-slip event, event 7, has a depth
of 23 km and does not fit this pattern but the three large events, 6, 9, and 10, have depths of 16, 8, and 10
km respectively. The thrust earthquakes, 8, 5, and 11, have respective depths of 23, 20, and 45 km. In order
to assess the vertical relationship between the large strike-slip events and the thrust events, calculated
waveforms were fit to the observed seismograms for one strike-slip and one thrust earthquake while fixing
the depth at each of a range of values (Figure 8). The two events are located 3 km apart by the ISC (Figure
6, Table 1) so that near-source velocity structure should be the same and differences in waveforms should
reflect only differences in mechanism and depth.
For the thrust earthquake, all P and some SH waveforms (e.g. MAT) are matched closely at depths
between 20 and 25 kmin (Figure 8, top). Observed waveforms for the large strike-slip earthquake are
matched equally well at all depths shallower than 10 kin, but are fit poorly at 20 km depth (Figure 8,
middle). The increase in variance with depth for the strike-slip event (Figure 8, bottom) shows a broader
minimum than for the thrust event. For both earthquakes, visually acceptable matches to waveforms are
found at depths whose variance is within 10% of the minimum, corresponding to uncertainties of 7-8 km in
depth for the strike-slip earthquake and 3 km in depth for the thrust. Thus, strike-slip event 9 has a depth
less than 15 km while thrust event 8 is between 20 and 25 km deep, and the strike-slip earthquake is
resolvably shallower than the thrust. The allowable depth ranges will change if errors in the velocity
structure are present but the depths of the events will stay proportionally the same.
Earthquakes in the West Highlands
The remaining seven earthquakes are at the western end of the mountain ranges, at the western limit
of autochthonous Australian continental crust. Earthquake mechanisms indicate b th thrust and strike-slip
faulting in a linear seismic zone between 4.1 S and 4.3"S (Figure 9). Westward along this zone, thrust-belt
structures give way to a complex zone of left-lateral shear between the presumably left-lateral Tarera and
Aiduna faults [Dow and Sukamto, 1984a; Hamilton, 1979; Visser and Hermes, 1962].
Five earthquakes showed strike-slip mechanisms that are generally consistent with left-lateral slip on
east-west striking fault planes although strikes vary from 1100 in the east (event 16) to 43* in the west
(event 12). Johnson and Molnar [1972] used P-wave first motions to determine a nearly identical
mechanism to ours for event 12, and centroid-moment tensor solutions for events 16-18 agree with our
solutions [Dziewonski et al., 1986a,b]. Event 12, with a strike of 223", is located where the Aiduna fault has
a more northeast strike and the orientation of this mechanism may reflect a bend in the fault zone,
although the mapped fault trace is not parallel to either nodal plane (Figure 9). If the earthquake is
mislocated then it may show left-lateral slip on a splay fault mapped 20 km southwest of the reported
epicenter. Strike-slip mechanisms for events 16, 17, and 18 show that left-lateral faulting continues east of
the mapped faults. Event 13 may be evidence for an active offshore extension of the Aiduna fault zone, but
an unusually high ISC standard deviation for arrival times for this event (3.64 s instead of 1.0-2.5 s for the
other events) and systematic arrival-time residuals determined from the alignment of observed and
synthetic waveforms suggest that it may be considerably mislocated. Relocation using travel-times
determined from the waveform alignments in Figure 3m results in a 75 km northward shift of the
epicenter.
Other events in this area include a small high-angle thrust (event 15, M0 = 2 x 1017 N m), and a
moderate-sized earthquake showing either strike-slip or dip-slip faulting (event 14, M0 = 3 x 1018 N m).
Because analog records with clear arrivals for the thrust event (event 15) are only available at a small
range of azimuths the depth is less reliable than most other thrusts (see Appendix). Event 14 is interpreted
as showing either dip-slip motion on the near-vertical nodal plane with the west side rising relative to the
east or as left-lateral strike-slip motion on a fault plane dipping 30" to the northwest. The ISC location is
within 5 km of the Aiduna fault and the northwest-dipping nodal plane is parallel to the surface fault trace.
If the shallow-dipping plane is the fault plane then event 14 shows left-lateral motion on a strike-slip fault,
possibly the Aiduna fault, dipping at an unusually low-angle 19 km below the surface. Alternatively, the
choice of the other nodal plane as the fault plane implies that vertical dip-slip faulting is present, possibly
below the strike-slip fault zone along a fault striking perpendicular to the Aiduna fault.
A large unmatched phase is observed 20-30 s after the first P arrival and some SH arrivals for the five
strike-slip events; it is largest for events 13, 17, and 18 (Figures 3m, 3q, 3r, and 10). Because this phase is
present in many events it is unlikely to be caused by source complexities, but is either a free-surface
reflection unmatched because of grossly incorrect depths or an arrival produced by unmodeled structures.
The first possibility is tested by placing event 17 at 45 km, aligning the observed late phase with the
computed depth phases and inverting for all source parameters, including depth. The mechanism remains
strike-slip and the depth moves to 44 km, but the waveforms fit poorly and the timing of the late phase is
not matched at many stations -- SH waveforms are particularly poorly matched (Figure 10). The shallower
solution is visually more consistent with the observed waveforms and shows 10% smaller variance. We
suggest that the late phases are produced by lateral variations in structure. Because a strike-slip
mechanism radiates the largest P amplitudes horizontally, rays that are bent towards the vertical by
unmodeled variations in velocity will produce large arrivals on observed seismograms. Even gently dipping
(1-3") planar reflectors can produce late large arrivals for strike-slip earthquakes [e.g. Langston, 1977;
Wiens, 1987].
DISCUSSION
Depth of thrust earthquakes and thin-skinned faulting. The eight thrust earthquakes show that active,
steeply dipping thrust faults extend to mid-crustal depths. If the north-dipping nodal planes are the fault
planes, as suggested by the dips of thrust faults observed on the surface, then the dip angles of active fault-
planes range from 350 *-60*. Except for event 4 all the thrust earthquakes are below the sedimentary
section (11 to 45 km depth). The depths and steep fault planes demonstrate that the active deformation is
not confined to be above a shallow-dipping master fault or d6collement within the sediments [Findlay,
1974; Jenkins, 1974] but instead extends to mid-crustal depths.
Subhorizontal thrusts underlying thin-skinned faults are assumed to exist in Papua New Guinea
(PNG) below the Tertiary carbonate sequence, in the Jurassic sequence [Findlay, 1974; Jenkins, 1974] or in
Cretaceous siltstones [Dow, 1977; Hobson, 1986]. The depth to the deepest thin-skinned fault, based on
seismic, drilling, and gravity observations, is 3-5 km in the southern part of the thrust belt becoming deeper
northward to 10-15 km, as the structurally lowest subhorizontal fault steps down to lower structural levels
and as the sedimentary section thickens [Findlay, 1974; Hobson, 1986]. Subhorizontal detachment faults
have been mapped at similar structural levels at the extreme western end of the Highlands [Pigram and
Panggabean, 1983] but little surface information is available for the rest of Irian Jaya. Thin-skinned
structures are exposed and documented best in PNG, so the discussion on style of thrusting will
concentrate on the eastern part of the Highlands.
Event 4 is within 2 km of the surface and appears to show faulting of the sediments within the near-
surface thin-skinned belt. This earthquake is located under the slopes of a large Quaternary volcano
(Figure 4) so and may be caused by magmatic intrusion related to volcanism rather than by crustal
shortening due to regional compression. Its nodal planes are nearly parallel to nearby north-northwest
trending faults and folds that also exist far from the volcanic center suggesting that the mechanism
orientation is controlled by tectonic rather than volcanic factors.
The remaining three earthquakes in PNG have east-west striking nodal planes, parallel to nearby
thrusts and folds despite having depths well below assumed depths to subhorizontal faults underlying the
faults mapped at the surface. Events 2 and 3 show high-angle thrusting at 20-25 km depth north of the
region of pronounced thin-skinned thrusting, at the southern flank of the Kubor Uplift (Figures 4 and 11a).
The causative faults might be connected to shallow subhorizontal thrust faults in the sediments, and may
form a steep down-dip extension of these nearly horizontal thrusts (Figure 12). The earthquakes provide a
mechanism for accommodating some shortening in the basement that in the sediments is taken up along
the subhorizontal master fault. In order for the master fault to reach events 2 and 3 (Figures 11a and 12)
the thin-skinned part of the thrust belt can be only -50 km wide and restricted to the lower mountains
south of the earthquakes (1 km mean elevation).
Event 1 is beneath the frontal thrusts in PNG and shows that active basement deformation occurs
beneath the thrust belt as far south as does thin-skinned faulting. Its 11 km depth places it in the
uppermost basement, or possibly in the lowermost sediments, but well below the 3-5 km depth to the
bottom of the thin-skinned thrust system. Cross-sections interpreted from seismic lines often show high-
angle faults with small offsets in the basement (0.5-1 km) beneath the basal thin-skinned fault in many
parts of the frontal thrust system [Jenkins, 1974]. The Darai Escarpment 50 km south of the thrust front is
suspected to be a high-angle thrust extending into the basement, based on the broad curvature of the 1 km
high plateau, lack of stratigraphic repetition in drill holes, and gravity measurements over the escarpment
[e.g. Anfiloff and Flavelle, 1982; Hobson, 1986; Jenkins, 1974]. Other broad, deeply rooted folds suggestive
of basement faulting may exist south of the frontal thrusts in Irian Jaya [Silver and Smith, 1983]. Event 1
apparently shows thrusting on such a feature in PNG, beneath the frontal thrusts, implying that high-angle
basement faults contribute to the total shortening beneath the mountain belt.
The relationship between the detached thin-skinned thrust belt and the deeper high-angle thrusting
earthquakes at the northern edge of the thin-skinned belt is similar to relationships between thrust belts
and large earthquakes in other active thrust belts, such as the Peruvian sub-Andes [Suarez et al., 1983] and
the Tadjik basin in central Asia [Abers et al., 1988]. In both these thrust belts the largest earthquakes are
located towards the hinterland from the thin-skinned zone at the foot of the high mountains (High Andes
and Hindu Kush) and the earthquakes show high-angle thrusting at mid-crustal depths. However, the
presence of large strike-slip earthquakes near the thrusts in Irian Jaya and high-angle thrusts immediately
beneath the detached thrust belt in PNG (i.e. event 1) show that comparisons between faulting in New
Guinea and elsewhere are not very straightforward.
The north-dipping nodal planes for the crustal thrust events in Irian Jaya (events 5, 8, and 15) dip near
450 and project to the surface near the active thrust front (Figures 6, 9, 11). Because the thrust
earthquakes in Irian Jaya are within 25-50 km of the thrust front, the average dips of thrust faults must be
quite high if they are on downdip continuations of the faults observed at the range front; the steep average
dips probably preclude subhorizontal detachment faulting. It is conceivable that there are low-angle thrusts
in the foreland basin, largely buried by the foreland sediments and not associated with observable
topography, although the molasse basin is fairly thin (0.5-2 kin) [APC, 1961; Visser and Hermes, 1962].
Nevertheless, the thrust belt which is thin-skinned in PNG (Figure 4) does not seem to be present in much
of Irian Jaya but instead thrusts appear to be steep over considerable depth ranges, perhaps similar to
Laramide thrusting observed in the Wind River Range of Wyoming [Smithson et al., 1979]. Thus, while it is
common to draw analogies between the New Guinea fold-and-thrust belt and older thin-skinned thrust
belts such as the Canadian Rockies or the southern Appalachians [e.g. Hobson, 1986; Jenkins, 1974; Pigram
and Panggabean, 1983] it may be equally appropriate to draw analogies between the New Guinea thrust
belt and thick-skinned belts such as the Wyoming and Colorado Laramide ranges [Silver and Smith, 1983].
Strike-slip faulting. Although thrust faulting undoubtedly plays an important role in building the New
Guinea Highlands, the largest earthquakes have strike-slip mechanisms, and show that the mountains in
Irian Jaya are undergoing significant left-lateral shear. There is a large gap without recent large
earthquakes between 136.3*E and 138.9*E but narrow belts of seismicity (5-15 km wide by 150 km long)
occur 20-55 km from the mountain fronts in eastern and western Irian Jaya. These earthquakes
demonstrate active left-lateral strike-slip faulting within the thrust belt on faults parallel to the mountain
front.
The geometry of the seismic zone is more consistent with an east-west, left-lateral fault zone than with
right-lateral slip on north-south fault planes. Source durations up to 20 s for the largest earthquakes (Table
2) imply fault segments 25-100 km long, depending on rupture geometry. These fault lengths are longer
than would be expected for north-south tear faults, unless such tear faults run the entire width of the
mountain belt. In eastern Irian Jaya, where the largest earthquakes occurred, aftershock epicenters are
within 20 km of 4.5"S latitude over a 120 km distance along strike, consistent with an east-west fault zone
(Figures 2, 6, and 11). Also, surface lineaments trend west or northwest throughout much of the area and
the medial suture north of the thrust belt is not offset, suggesting that strike-slip faults do not trend north.
Right-lateral faulting may be arguable for some of the earthquakes in western Irian Jaya where a wider
variety of structural and earthquake mechanism orientations are observed, but here too the large
earthquakes are restricted to a 10-15 km wide by 200 kmi long east-west trending belt.
Hence, we argue that the large earthquakes are evidence for an east-west striking left-lateral shear
zone. The zone is 20-55 km north of the range fronts, just south of the highest topography, and extends
throughout Irian Jaya and possibly into PNG. There are suggestions from surface geology that left-lateral
motion occurs in the west Highlands: using satellite imagery Dow and Sukamto [1984b] identified streams
offset left-laterally across one major fault; Hamilton [1979] inferred left-lateral shear from left-stepping
anticlines and thrust faults in the southern foothills (Figure 6); and Carey [1958] identified structures in the
foreland related to wrench faulting. Nevertheless, there are no mapped left-lateral strike-slip faults in the
region of the epicenters for the strike-slip earthquakes (Figure 6) perhaps because mapping in eastern
Irian Jaya has been done largely from aerial photographs, on which strike-slip faults may be difficult to
identify in mountainous regions. Furthermore, large landslides that may cover active fault traces
accompanied the three largest earthquakes studied here as well as some of the smaller earthquakes [H.
Letz, personal commun., 1986; Ripper and McCue, 1983]. (To our knowledge, no fault scarp associated
with a recorded earthquake has ever been found in New Guinea.) The strike-slip faults on which these
earthquakes occurred may reach the surface, but, not surprisingly, have not been mapped because of the
lack of sufficient field work and the difficulty in identifying such features in mountainous, jungle-covered
regions. It seems likely that in older mountain belts strike-slip faulting may have accompanied thrusting
but has gone unnoticed because of the difficulty of identifying it in the geologic record.
Relationship of strike-slip to thrust faulting. An unusual aspect of the earthquakes is the apparent
juxtaposition of thrust and strike-slip faulting within the thrust belt in Irian Jaya. Both types of faulting
occur south of the highest parts of the mountains, 20-55 km north of the range front (Figures 6, 9 and 11).
We have shown that the thrust events are resolvably deeper than the strike-slip events. The apparent
exception, event 7 with a strike-slip mechanism at 23 km depth, is the smallest, the farthest east, and the
farthest from the range front of the strike-slip events. Generally, active faulting seems to be restricted to
the southern part of the mountains, with shallow strike-slip earthquakes just south of the highest peaks,
and thrust earthquakes deeper than the strike-slip events. Active thrust faults are also observed at the
range front south of the strike-slip events. The separation of strike-slip faulting from the thrust faulting
both below and to the south of it demonstrates decoupling of strike-slip and dip-slip motions.
The Highlands are advancing southward over a steeply dipping ramp while strike-slip faulting cuts the
upper plate (Figure 13). The active part of the mountains forms a wedge bound on the south by the active
thrust front and on the north by the strike-slip faults inferred from the earthquakes. This wedge is
apparently moving south with respect to the foreland basin and east with respect to northern New Guinea.
The actual distribution of faults is admittedly more complex than shown in Figure 13, and the modes of
faulting are probably not completely decoupled (as indicated by left-stepping thrusts at the range front).
This geometry is similar to that proposed for transcurrent fault zones parallel to volcanic arcs, such as
Sumatra, Japan, and the Philippines, and their adjacent subduction zones [Fitch, 1972], although in New
Guinea the strike-slip faults reach the surface only 20-55 km from the range front, rather than a few
hundred km from a trench. The decoupling geometry proposed for subduction zones appears to explain
observations of active faulting in New Guinea. Compression near strike-slip fault zones is more often
associated with thrust faults that steepen with depth and merge with the strike-slip fault rather than cutting
the strike-slip fault at depth [e.g., Lowell, 1972]. Such a geometry is not viable here because thrust
earthquakes are observed immediately below the strike-slip events and their nodal planes do not steepen
near the strike-slip fault.
The proposed configuration of strike-slip and thrust faults is geometrically unstable with time. The
strike-slip fault zone is limited to the hanging wall of the thrust and is being thrust onto the foreland. All
faults are rotating both by left-lateral shear and south-vergent shear due to thrusting. For example, the
south dip of fault planes for strike-slip events 6, 7, and 9 may be due to rotation of the strike-slip fault
planes along the thrust faults. As the mountains evolve, both the thrust faults and the strike-slip faults will
advance southward, gradually incorporating more of the foreland. Alternatively, strike-slip faulting in the
thrust belt may be a recent phenomena and the present geometry of active faulting is transitional. Either
scenario could explain Davies' [1982] observation of early Neogene south-vergent thrusting followed by
later strike-slip faulting in the Mobile Belt in westernmost PNG.
Eastward extension of strike-slip faulting. The largest earthquakes show strike-slip faulting in eastern
Irian Jaya, and moderate-sized earthquakes show left-lateral slip on an east-west fault zone west of the
large earthquakes. Because no large events were found in the thrust belt in PNG between 1964 and 1985, it
is difficult to know whether or not the strike-slip fault zone extends to the east. At least two earthquakes
with magnitude m > 7.0 occurred in the PNG part of the thrust belt in this century (Figure 2, inset), but
well-constrained focal mechanisms have not been determined for them. In 1954 a shallow magnitude 7.0
earthquake was located at 5.5*S, 142.5"E, and in 1922 a magnitude 7.5 event extensively damaged the
coastal region at the eastern extremity of the thrust belt [Everingham, 1974; Ripper and McCue, 1983]. It is
not clear that events 1-4 represent the dominant mode of faulting in PNG; it is conceivable that an active
strike-slip fault zone exists in the fold belt, perhaps producing large infrequent earthquakes such as those
earlier in this century. Considerable lateral offset has been suggested on faults immediately north of the
thrust belt, in the medial suture zone [e.g. Davies, 1978; Dow, 1977].
The change in regional strike of the thrust belt at 1400*E may be partly responsible for the lack of
strike-slip activity in the east, and thrust faulting may be the predominant mode of deformation in PNG.
West of 140* E the thrust belt strikes east-west, while east of that longitude the mountain belt bends -45"
and strikes northwest-southeast (Figure 1), more perpendicular to plate convergence. With this geometry,
pure thrust faulting in PNG and a combination of thrust and strike-slip faulting in Irian Jaya can result
from the same net convergence direction, ~N45"E. This direction is perpendicular to many thrust
structures in PNG and parallel to the P-axes of most strike-slip earthquakes in Irian Jaya. Deformation
north of the thrust belt, such as in the Bismarck Sea or in Northern New Guinea, could account for the
difference between, the N45*E direction and the direction of convergence between the Pacific plate and
Australia (N70* E).
Rates of deformation from seismic moments. The seismic moments of the earthquakes provide an
estimate of the rate of slip on strike-slip faults in the fold-and-thrust belt [Brune, 1968]. Such estimates do
not account for aseismic slip and earthquakes other than those studied here and are based on a short time
period, so should be interpreted with caution. Because the strike-slip earthquakes appear to lie on a single
plane, we assume that they represent slip on a single fault. The average fault slip is given by u = Mo
A), where A is the total fault area, XM0 is the sum of the seismic moments for strike-slip earthquakes, and
,4 is the shear modulus [Brune, 1968]. The strike-slip fault zone in Irian Jaya is 500-800 km long (from 134
or 136 E to -141 E) and extends to 20-25 km depth (the depth of the thrust earthquakes), giving a fault
area A = 1-2 x 1010 mn2 . The summed seismic moment of the strike-slip earthquakes is -1020 Nm with
roughly a 20% uncertainty (Table 1), and we use p = pVs2 = 3.3 x 1010 N/m 2, giving u = 0.15-0.30 m.
Since we are examining earthquakes over 22 years, the average rate of strike-slip faulting across the thrust
belt is 7-14 mm/yr. Taking into account reasonable uncertainties our estimates of the seismic moments,
the seismic slip rate is probably in the range 5-20 mm/yr. Smaller earthquakes not considered here (M <
5.5) probably account for another - 19 % of the total seismic moment (following Chen and Molnar [1977],
assuming that we are sampling all earthquakes with 5.5 < M < 7.1), although we do not know how many
of these earthquakes have strike-slip mechanisms. Thus, the rate of east-west left-lateral motion suggested
by the strike-slip earthquakes is 5-25 mm/yr, compared to a total of -100 mm/yr for the east-west
component of slip between the Pacific plate and Australia predicted by plate motions.
The slip rate calculated here is only meaningful if the earthquakes in the 22 year period studied are
typical of activity over longer time spans. The largest earthquakes in this century in the western fold-and-
thrust belt (Figure 2) are a magnitude 7.8 event on 7 October 1900 at 4.0OS, 140.0*E, near the 1976
sequence, a magnitude 7.1 event in 1942 in Irian Jaya at 4.5 0 S, 135.0 E, and events 6 and 9 (Ms = 7.1 for
both) [Everingham, 1974; Ganse and Nelson, 1979]. If the assigned magnitudes for the 1900 and 1942
events are roughly correct then they correspond to about 5 to 10 M=7.1 events in terms of seismic
moment. In this case the moment release per ten years is roughly equivalent to a M = 7.1 earthquake, as we
have witnessed over the last 22 years.
Estimates of convergence rates from crustal thickening. The crustal thickening needed to create the
topography of the Highlands gives an estimate of the total amount of crustal shortening (Figure 14). We
assume that prior to collision, the area that is now the Highlands was near sea level (suggested by shallow-
water marine facies of Miocene sediments [Dow, 1977]), and the crust was 30 km thick (suggested by
refraction and shear-wave studies in the foreland basin and Arafura Sea [Bowin et al., 1980; Brooks, 1969;
Finlayson, 1968]). In order to estimate its crustal thickness we assume that the Highlands are presently
compensated by a crustal root, with crust and mantle densities of 2800 and 3300 kg/m 3, respectively. These
assumptions implicitly ignore many thermal, compositional, and to some extent flexural influences on
topography that would bias our estimates of Moho depth. We further assume crustal volume is conserved
during collision and material is not transferred along strike, so that the cross-sectional area of the crust in
each profile remains constant during collision. This last assumption neglects the potentially large effects oi
subduction of crust, strike-slip faulting, and magmatic additions to the crust. Erosion should have a small
influence on these estimates. Even if we assume that a crustal volume equivalent to the existing topography
has already been eroded, the shortening estimates would increase by only 17%. The total shortening along
each profile is then given by integrating the excess crustal thickness over the width of the mountains, and
dividing by the original crustal thickness.
Using 5-minute topographic averages [Heirtzler, 1985], we measured the cross-sectional area of the
Highlands topography on 17 profiles perpendicular to the mountain fronts (Figure 14). The shortening
estimates varied from 87 km over the Kubor uplift to 33 km near 140 E and 25 km near 135 *E, averaging
61 km east of 140*E and 47 km to the west. These estimates suggest that the region around the Kubor
uplift has experienced nearly twice the shortening as regions to the east. From palinspastic reconstructions,
Hobson [1986] estimated 75 km of shortening in the sediments south of Kubor area, compared to -30 km
of shortening in western PNG. Despite the potentially large errors associated with our estimates, they are
within 30% of Hobson's values for shortening in the sediments and show similar along-strike variations.
The coincidence of the values is somewhat surprising and may be fortuitous, both because Hobson did not
consider strike-slip faulting or basement shortening (indicated by earthquake depths) and because most of
the assumptions in our estimates, mentioned above, are associated with potentially large errors.
If all the crustal thickening occurred in last 10 Ma, suggested by the initiation of clastic sedimentation
in the foreland basin, then the average convergence rate is 4-9 mm/a. However, if the northern parts of
mountains started forming 30 Ma ago, when the first collisions with the Australian continent occurred [e.g.
Pigram and Davies, 1987], then the average convergence rate is 1-3 mm/a. These rates are likely
underestimates, as material has been eroded off the mountains and some lithosphere may have been
subducted after collision took place. The rates are considerably less than the rate of the north-south
component of Pacific-Australia convergence (-50 mm/a).
Implications for Australia-Pacific convergence. The above estimates, from seismic moments and
topography, shows that 5 to 20% of the total convergence between the Pacific plate and Australia is
probably taken up in the fold-and-thrust belt. In particular some of the strike-slip component of
convergence is accounted for here. The strike-slip earthquakes in the Highlands, together with the Sorong
fault in the northwest [Dow and Sukamto, 1984a] and active transforms in the Bismarck sea in the
northeast [Taylor, 1979] can account for all of the east-west left-lateral motion and additional zones of
strike-slip faulting are not required. Deformation in northern New Guinea, suggested by large earthquakes
not studied here, may be as important as deformation in the fold-and-thrust belt. The shortening in the
mountains seems insufficient to account for all of the shortening in New Guinea.
CONCLUSIONS
Thrust faults in the New Guinea fold-and-thrust belt extend into the basement at high angles.
Basement-involved thrusting is found as far south as the frontal thin-skinned thrusts and may account for a
substantial amount of the shortening in the thrust belt.
The largest earthquakes in the thrust belt are in Irian Jaya and show strike-slip faulting. The probable
fault planes strike east-west along which left-lateral slip occurs. The strike-slip earthquakes are located
within 55 km of the thrust front and can be traced from the offshore Tarera-Aiduna fault in the Banda Sea
east at least to the PNG border at 1410 E. High-angle thrust earthquakes are found below the strike-slip
earthquakes, at 20-25 km depth, indicating that strike-slip faulting is restricted to the upper plate. Seismic
moments of the strike-slip earthquakes reveal slip rates of 5-25 mm/a and can explain some of the
difference between the direction of Pacific-Australia plate motion and the strike of fold-and-thrust
structures in New Guinea.
Crustal thicknesses of the mountains in New Guinea, inferred from topography and isostasy, imply 35-
90 km of convergence across the mountains and show that some, but probably not all, of the motion
between the Pacific Plate and Australia is absorbed in the fold-and-thrust belt. Crustal shortening and
strike-slip faulting in the New Guinea Highlands probably represent 5-20% of the total motion between
the Pacific plate and Australia.
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APPENDIX: UNCERTAINTIES IN WAVEFORM INVERSION
Uncertainties in source parameters. Because formal errors significantly underestimate true uncertainties
[e.g. Nabelek, 1984] it is necessary to have other measures of the quality of the results. Our strategy is to fix
the parameter to be examined at successive values and to determine the remaining source parameters by
waveform inversion. The resulting matches between calculated and observed waveforms are inspected
visually and statistically to determine acceptable ranges for the parameter being investigated (e.g. Figures
5, 8, and Al). Solving for all other parameters allows tradeoffs to be explored, for example between
mechanism and depth (Figure Al) or between depth and source duration (Figure 8). This empirical
approach to estimating uncertainties provides the acceptable ranges of parameters for a given event and
can be used to infer uncertainties for other events with similar mechanisms and depths, although results
are strictly applicable only to the event examined.
Several studies have shown that depths can be determined to within 1-10 km using body waveform
inversion [e.g. Abers et al., 1987; Huang et al., 1986; McCaffrey and Nabelek, 1987; Nabelek, 1984; Nelson et
al., 1987]. Tests in this paper (Figures 5 and 8) show that depths of dip-slip New Guinea earthquakes have
uncertainties of 5 km or less. Depths for strike-slip earthquakes usually are more difficult to constrain
mainly because the P and pP phases have small amplitudes, making arrival times difficult to pick, and
because P and sP have the same polarity, making depth phases more difficult to identify. These features
result in tradeoff between depth and source time function. For example Figure 8 shows that seismograms
from one large strike slip earthquake can be matched over a range of depths nearly twice as large as that
for a nearby small thrust.
McCaffrey and Nabelek [1987] and Abers et al. [1987] showed that orientation of nodal planes for
moderate-sized thrust earthquakes can be determined to within 10-15" when station coverage is good,
although this requires reliable SH waveforms when both planes dip near 450. P-waves for strike-slip events
are quite sensitive to mechanism orientation, as shown for seismograms for event 9 (Figure Al). Here, the
strike of the probable fault plane is varied between 74* and 114", but acceptable fits are found only for
strikes between 84* and 1040. The dip of the fault plane varies considerably with the strike (28-680) as
does the depth (5-13 km) and moment (19-13 x 1018 N m), demonstrating considerable coupling between
parameters.
Effects of irregular station distribution. The distribution of stations around New Guinea is highly
irregular and we test here its influence on the inversion results. Almost all high-gain WWSSN stations
within 90* of New Guinea are in Asia, so are restricted to the northwest quadrant of the focal sphere.
Commonly we obtain usable seismograms from stations in south Asia and Australia only, and sometimes
only from Asia. For events with Mo < 1018, 83% of all analog records are from stations in the northwest
quadrant, while for larger events 59% of the analog records are from these stations. High-gain digital
stations exist to the south, and are used whenever available to provide more uniform station coverage for
the smaller events.
We tested the effect of sparse and uneven station distributions by solving for the parameters of one
well-constrained thrust, event 8, with various subsets of stations (Figure A2). In case I we used 7
seismograms (SNG, SHL, HKC, and MUN P, and SNG, HKC, and MUN SH), including only one station
(MUN) to the south. Inversion of these waveforms at different depths showed a similar minimum in
variance at the same depth as inversion using all 18 seismograms (Figure A2). There was no significant
changes in the other parameters between case I and the inversion of all waveforms (differences are +0.3
km in depth, + 7" in strike, + 1* in dip, -5" in rake, and 0.5x10 17 N m in moment). In case II (Figure A2),
we removed station MUN so that all three stations were to the northwest. In this case the depth decreased
by 3.5 km from case I and the moment increased by 7.4x1017 N m, while the mechanism remained
relatively fixed (changes in mechanism from case I to case II are + 0* in strike, -6* in dip, and -4" in rake).
The shape of the variance-depth curve was similar in case I and case II, but the minimum-variance depth
decreased in case II. In a final test, case III (Figure A2), we inverted P and SH seismograms from only the
two Australian stations, MUN and RIV. The depth increased from case I to case III by 2.2 km and the
variance-depth curve showed a broader variance minimum. These tests show that it is not necessary to
have a large number of stations, but that it is important to have some stations at widely spaced azimuths.
In particular, stations at different azimuths can have different timing between direct and reflected phases
which will indicate different depths. Depth phases are later at stations to the south than to the northwest,
causing the depth determined from Australian stations only (case III) to be 5-6 km deeper than
determined from Asian stations only (case II).
Strong azimuthal variations can be caused by rupture propagation [e.g., Ben-Menahem, 1961] but such
effects are unlikely to be apparent for this event because of the short (3-4 s) source duration, since
variations for the pP-P times of 1-2 s are necessary to explain the discrepancy in depths. It is more likely
that the observed change in pulse width with azimuth is caused by azimuthal variations in velocity
structure, either near the source or elsewhere along the raypaths. The travel-time variations may be due to
the velocity contrast between the low-velocity basin sediments to the south and the high-velocity ultramafic
rocks to the north. A deep sedimentary basin on one side of an earthquake in the Tien Shan probably
causes similar variations in travel times for depth phases [Nelson et al., 1987].
These tests show that limited station coverage can bias depth estimates by - 5 kmin. Events 3 and 5 have
no seismograms outside of the northwest quadrant while events 4 and 11 only have digital seismograms,
which are less sensitive to source depth than are WWSSN seismograms, in other quadrants. If the
variations observed in seismograms for event 8 are produced by near-source structure then the calculated
depths for 3 and 5 may be underestimated by 3-4 km. Events 3 and 5 are within 10 km of events 8 and 2,
respectively, and have similar mechanisms. The 3 km difference between events 5 and 8 and the 2 km
difference between events 3 and 2 are not significant.
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FIGURE CAPTIONS
Fig. 1. Map of New Guinea showing regional structures, tectonic provinces, geographical names,
topography, and direction of Pacific-Australia plate convergence. Structures are from Hamilton [1979],
Dow et al. [1986], and Doutch [1981]. Pacific-Australia plate-convergence vectors [Minster and Jordan,
1978] are shown as arrows, with arrowheads at the location the vectors were calculated and arrow length
proportional to velocity (labelled for arrow at 140" E). Ten-minute topographic averages [Heirtzler, 1985]
are contoured every 1000 m above sea level (dotted lines) and is labeled in meters. Filled circles are major
volcanic centers in the Highlands [DAddario et al., 1976]. Abbreviations: BT, Bewani-Torrecelli Ranges;
FR, Finisterre Range; HP, Huon Peninsula; KR, Kubor Range; MTB, Mamberamo Thrust Belt; NBT,
New Britain Trench; OSF, Owen Stanley Fault; RMF, Ramu-Markham Fault; SBP, South Bismarck Plate;
SF, Sorong Fault; ST, Seram Trough; TAF, Tarera-Aiduna Fault; TF, Thrust Front; TT, Trobriand
Trough; VS, Vitiaz Strait; WB, Woodlark Basin; WO, Weyland Overthrust. The Direwo fault is indicated
by solid diamonds, thrust faults are indicated by solid triangles on the presumed hanging wall, and strike
slip faults are indicated by split arrows.
Fig. 2. Map of focal mechanisms determined here, locations of cross-sections in Figure 11, and shallow
seismicity. Focal mechanisms are shown as lower hemisphere projections with the compressional
quadrants shaded, and the P and T axes shown as solid and open circles, respectively. The sizes of the
focal spheres are scaled to log(M), according to the scale in the upper right, and are labeled by the event
numbers in Table 1. Seismicity is from the ISC catalog, 1964-1984, and includes all events listed as being
shallower than 70 km recorded by 25 or more stations, with Mb > 5.0, and with standard deviations in
latitude, longitude, or depth each not exceeding 20 km. Inset in lower left shows all large (M > 7.0),
shallow (.5. 70 km) earthquakes in the period 1900-1985, from the catalog compiled by Everingham [1974]
for events before 1971 and from Ganse and Nelson [1981, with supplement] for more recent events. Faults
are labelled on Figure 1.
Fig. 3. Waveforms and solutions for all events studied. The events are labelled by the number in Table
1 in the upper left, and by date at the top. Below the date is the mechanism, in the format strike(*)/
dip(')/ rake(*)/ depth(km)/ moment(x101 6 N m). P waves are shown on top and SH waves are on the
bottom, with the nodes of the corresponding radiation patterns in the focal spheres. Small solid and open
circles on the P-wave focal sphere designate the P and T axes, respectively. Solid lines are observed
seismograms, dashed lines are calculated. The source-time function and time scale are shown on the left,
between P and SH waves. Seismogram amplitudes are corrected to a magnification of 3000 and a distance
of 40 ", and the scale in microns is at the lower left of the focal spheres. Small letters in the focal spheres
show positions of rays to stations, and correspond to letters next to the waveforms below the station
names. A small "s" and a small "d" next to letter by the seismogram indicates short-period and digital
seismograms, respectively. Short-period data are shown with a separate time scale, labelled "S SP". For
event 1, each seismogram amplitude is normalized by its the root-mean squared amplitude, rather than
source amplitude. Event 6 shows a double-event, with the second subevent indicated by dotted nodal
planes and source-time function. Event 11 shows first-motion polarities used to constrain the mechanism,
with open circles representing dilatational arrivals, plus sign representing compressional arrivals, dots
representing nodal arrivals, and smaller symbols representing emergent arrivals.
Fig. 4. Map showing focal mechanisms and geological structures in PNG, near Events 1-4. Geology is
generalized from D'Addario et al. [1976]. Event numbers and depths (labelled in kin) are shown next to
the focal spheres. Focal spheres plotted in the same format as in Figure 2, except the sizes are not scaled
to seismic moment. Also shown are patterns representing different groups of tectonic units.
Fig. 5. P-wave seismograms at different depths for event 1. Depths are marked in kilometers at the
right. Solid lines are observed seismograms and dashed lines are calculated, assuming a source structure
with 9 km of sediments overlying a half-space as discussed in the text. The waveforms at 7.7 km depth
represent the best fit when the source is constrained to be in the sedimentary layer but clearly do not
match the observed seismograms. Instrument types are marked as "LP" or "SP" for long-period and short-
period instruments, respectively. Seismograms for different instruments have different time-scales, shown
at lower right, with "S SP" designating the short-period time-scale.
Fig. 6. Map showing focal mechanisms and geological structures in east Irian Jaya, near events 5-11.
Geology generalized from Dow et al., [1986]. Symbols are the same as for Figure 4.
Fig. 7. Selected observed (solid) and calculated (dashed) seismograms for different mechanisms for
Event 6. The source-time function is shown at the right with the time scale for seismograms; the source-
time function for the second subevent is shown by dotted lines. Case I - Single event, source-time function
is 36 seconds long. II-IV: Double event. Case II - first subevent only (strike-slip mechanism). III - second
subevent only (normal faulting mechanism). IV - both subevents and resulting waveform.
Fig. 8. (Top) Waveforms at different depths for a thrust earthquake, Event 8. (Middle) Waveforms at
different depths for a strike-slip earthquake, Event 9. (Bottom) Variance at each depth shown above, for
the thrust earthquake and for the strike-slip earthquake. Variances are normalized to the minimum value
for each event. Depths are indicated in kilometers on the right, with the source-time function.
Fig. 9. Map showing mechanisms and geological structures in west Irian Jaya, near events 12-18 (Event
13 is farther west and is not shown). The geology is generalized from Dow et al., [1986] and Pigram and
Panggabean [1983]. Symbols are the same as for Figure 4.
Fig. 10. (Left) Best fit for event 17 determined by inversion when the observed large arrival 20-30 s
after the first arrival is assumed to be a depth phase. The resulting depth is 44 km. (Right) Best fit when
the late phase is not included in the inversion, and the depth phase is assumed to arrive within 15 seconds
of the direct phase. Note the vertical tics indicate the inversion window for each seismogram. Variance is
shown at bottom, normalized by power in the seismograms, calculated in both cases within the windows
used for the deeper solution (left).
Fig. 11. Cross-sections of seismicity and topography. "a", "b", and "c" refer to the profile locations on
Figure 2. Vertical exaggeration is 10x for topography, and lx for seismicity, as indicated by the vertical
scale bars on right. Horizontal scale, indicated on profile "a", is the same for all profiles. Focal spheres
are plotted as back-hemisphere projections, and compressional quadrants are filled.
Fig. 12. Cartoon showing how thin-skinned faulting mapped in PNG might be related to faulting in the
basement, inferred from the earthquakes and other evidence discussed in the text. See Figure 11a for
comparison to actual topography and earthquake mechanisms.
Fig. 13. Schematic block-diagram showing how strike-slip and thrust faulting might be related in Irian
Jaya, modified from Fitch [1972]. Oblique convergence, indicated by the shaded arrow, is occurring along
oblique-slip thrust faults north of the strike-slip fault and by decoupled strike-slip and thrust faulting
farther south. Although many observations are not explained by this simple mechanism, it accounts for the
observed locations and depths of strike-slip and thrust earthquakes and for the recent thrusting at the
range front.
Fig. 14. Estimates of crustal shortening from topographic height of the Central Highlands, for each of
a series of profiles. Numbers are the estimates of shortening in kilometers along each profile, assuming
topography is isostatically compensated by a crustal root and that the initial crustal thickness is 30 km.
Crustal volume is assumed to remain constant along each profile as the mountains form, so that the total
cross-sectional area of crust along each profile is the same before and after collision. Topography is
contoured every 1000 m above sea level (dotted lines), from Heirtzler [1985].
Fig. Al. (Top) Selected seismograms for event 9 with the strike fixed at 3 different values. (Bottom)
Mechanisms, depths, and variances with the strike fixed at each value. Variance is shown at lower right,
normalized by the total power in the waveforms. The stations shown, RIV, MUN, and HKC, are shown as
solid circles on the focal sphere, and other stations used in the inversion are shown by plus signs. Strike is
given in degrees, and depth is in kilometers.
Fig. A2. Station distribution test using seismograms for Event 8. (Top) Observed (solid) and
calculated (dashed) P-waves at best depth determined by the inversion for each subset of stations. Solid
dots indicate stations used in each inversion (SH waves were also used for each station shown except
SHL). Source-time function is shown at right with time scale for seismograms. (Bottom) Variance divided
by power in waveforms as a function of depth, for solutions using different sets of stations. "ALL"
corresponds to case when all seismograms were used, shown in figures 3h and 8. I, II, and III correspond
to cases using only the stations indicated at top. At each depth, other parameters were determined to
produce closest match between observed and calculated seismograms. Stations SNG, SHL, and HKC are
northeast of the earthquake, and RIV and MUN are south of the earthquake.
TABLE 1. EARTHQUAKE LOCATIONSa AND PREVIOUS SOLUTIONS
Latitude Longitude Previous
Event Date Time * S * E Mb  msb Nstac Solutionsd
Papua New Guinea:
1 8-10-71 1415:36.5 6.87 144.27 5.6 127 RM
2 14- 8-72 2229:27.8 6.29 144.45 5.9 5.5 197 RM
3 1-11-72 2122:15.3 6.35 144.41 5.6 4.9 162 RM
4 6- 9-77 852:29.5 6.11 143.20 5.5 5.6 153 HRVa
Irian Jaya Border Region:
5 19- 2-70 2255: 4.4 4.50 140.03 5.6 119
6 25- 6-76 1918:57.4 4.58 140.14 6.3 7.1 425 RM
7 27- 6-76 1912:29.8 4.52 140.24 5.9 5.6 266
8 17- 7-76 532:41.2 4.56 139.95 5.7 5.5 232 RM
9 29-10-76 251: 7.3 4.54 139.93 6.0 7.1 409 RM
10 19- 1-81 1510:59.9 4.56 139.28 6.0 6.7 359 RM,L,HRVb
11 2-12-82 1936:57.7 4.55 138.95 5.6 5.2 218 HRVc
South-West Irian Jaya:
12 9- 3-69 1348:1.3 4.10 135.65 5.6 6.6 186 JM
13 17- 4-73 1234:27.3 4.32 134.26 5.7 6.4 307
14 18-11-76 543:41.4 4.25 135.14 5.7 6.2 256
15 8- 1-79 727: 0.7 4.15 135.99 5.4 5.3 137 HRVd
16 8-4-85 1915:14.2 4.10 136.28 5.8 5.9 311 HRVe
17 15-9-85 129:23.3 4.12 136.25 5.5 6.3 314 HRVf
18 15-9-85 242:54.5 4.09 136.07 5.7 6.4 394 HRVf
a Locations, magnitudes, and number of recording stations from the ISC catalog.
b From NEIC catalog before 1978.
c Number of stations used to locate the earthquake.
d Previously published focal mechanisms are abbreviated by author: RM, Ripper and
McCue [1983]; JM, Johnson and Molnar [1972]; L, Letz [1985]; HRVa, Dziewonski et al.,
[1987a]; HRVb, Dziewonski and Woodhouse [1983]; HRVc, Dziewonski et al. [1983];
HRVd, Dziewonski et al. [1987b]; HRVe, Dziewonski et al. [1986a]; HRVf, Dziewonski et
al. [1986b]. "HRV", centroid-moment tensor solutions, rest are first-motion focal
mechanisms.
TABLE 2. SUMMARY OF RESULTS
M0  Nodal Plane 1 N.P.2 P-axis T-axis Number of
Depth T95a strike Azimuth AzimuthWaveforms
Var/ 17
Event km 10 N m s strike dip rake /dip /plunge /plunge P SH Pwrb
Papua New Guinea:
1 11.3±0.2 1.9± 0.2 0.9±0.2 276± 3 51± 1 85±1 104/39 10/6 156/83 13 2 0.530
2 22.9±1.3 3.5± 0.2 3.0±0.6 248± 5 45± 1 80±2 83/46 166/ 1 70/83 11 6 0.343
3 21.0±2.4 1.0± 0.1 1.3±1.3 259± 8 59± 2 80±6 99/32 357/14 143/73 6 4 0.377
4 0.5±0.2 14.6± 2.2 6.8±2.7 0± 5 41±12 114±6 149/53 253/6 3/73 10 9 0.303
Irian Jaya Border Region:
5 19.6±0.7 1.3± 0.1 1.6±1.0 253±11 35± 3 74±6 93/56 175/11 36/76 8 3 0.382
6a 16.3±1.8 437.4±39.1 15.3±3.6 117± 4 56± 4 20±3 15/73 69/11 331/36 14 6 0.347
6bc 13.4±3.9 66.2±24.8 6.7±10.3 134±12 41± 4 291±8 287/52 140/75 29/5 14 6 0.347
7 23.0±0.0 3.8± 0.4 2.1±1.1 78± 5 60±4 -11±2 174/81 40/28 303/14 9 6 0.242
8 22.6±1.0 7.4± 0.5 3.2±1.0 290± 4 57± 2 49±3 168/51 48/3 143/56 11 7 0.296
9 8.1±2.2 169.5±18.6 8.8±3.3 94± 2 56± 6 -9±4 189/83 57/29 317/18 15 8 0.335
10 10.2±1.7 58.0± 9.0 4.4±2.1 282± 3 82± 2 3±2 191/87 236/3 146/8 16 11 0.391
11 44.6±1.2 1.8± 0.1 2.3±0.8 330± 1 35± 0 115±0 120/59 222/12 352/71 6 7 0.417
South-West Irian Jaya:
12 7.4±1.3 34.8± 3.6 4.7±2.4 132± 2 84± 2 176±2 223/86 358/2 88/7 16 13 0.255
13 9.8±1.3 40.9± 7.2 11.6±5.6 243± 3 88± 3 7±2 153/83 18/4 108/6 19 12 0.465
14 19.2±1.1 26.2± 2.4 5.2±1.8 335± 3 83± 2 241±7 233/30 216/44 89/32 9 11 0.170
15 15.4±0.7 1.8± 0.1 1.8±1.2 345± 3 40± 1 134±3 114/62 225/12 338/61 16 11 0.214
16 6.8±3.9 7.6± 1.4 6.3±5.5 110± 3 79± 6 5±5 19/86 65/4 334/11 11 11 0.371
17 11.3±3.0 26.3± 4.3 6.2±4.5 268± 4 83± 4 352±3 359/82 223/11 314/ 1 10 11 0.340
18 9.6±1.7 29.7± 3.2 4.9±2.4 275± 3 83± 3 348±3 6/78 230/13 321/3 10 10 0.361
Uncertainties are twice the standard errors.
a T95 is source duration, calculated from second moment of source time function.
b Weighted misfit variance/weighted power in data.
c Second subevent of event 6 is delayed 15.0±0.8 seconds and is shifted 2.1±5.7 km at 148±20* from the
epicenter of event 6a.
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CHAPTER 2
The mechanisms of large shallow earthquakes in New Guinea from
waveform inversion and their tectonic implications
INTRODUCTION
The Neogene orogenic belt on the island of New Guinea is the consequence of oblique collision
between an island arc and the northern margin of the Australian continent [Dewey and Bir4d, 1970;
Hamilton, 1979]. The presence of many earthquakes attest to ongoing deformation as the mode of
convergence evolves and as exotic terranes have been emplaced. The orogenic belt is often considered a
diffuse zone of deformation when the seismicity is examined [e.g., Johnson and Molnar, 1972; Cullen and
Pigott, 1989] although the diffuse nature of seismicity may be partly due to errors in earthquake locations
and depths. Active boundaries are often localized rather than diffuse, such as a large strike-slip zone north
of the Bird's Head [Visser and Hermes, 1962] and a thrust zone bounding the southern margin of the
Finisterre-Huon accretionary terrane [Davies et al., 1987], and discrete motion on these major fault zones
may be the predominant mode of deformation. The style of faulting on these zones and the extent to
which fault blocks are being deformed internally while they are being emplaced has significant implications
for understanding the active tectonics of New Guinea and, by analogy, for interpreting older inactive
accreted terranes elsewhere.
The major structures strike E-W to NW-SE (Figure 1) even though the Pacific and Australian plates
are converging at 120 mm/a on an azimuth of near 250* [Minster and Jordan, 1978], so the collision is
oblique. Both strike-slip and thrust faults play a major role in accommodating this convergence. In the
west, strike-slip faults bound the northern [Dow and Sukamto, 1984a] and probably southern [Chapter 1,
Abers and McCaffrey, 1988] margins of the orogenic belt. A complex pattern of deformation is found at
central longitudes [e.g., Dow and Sukamto, 1984b], and in eastern New Guinea much of the strike-slip
component of convergence is taken up offshore in the Bismarck Sea [e.g., Taylor, 1979]. Onshore
structures in eastern New Guinea are predominantly compressional [e.g., Rogerson et al., 1987; 1988]
although many structures have been interpreted as the result of left-lateral shear [e.g., Krause, 1965; Cullen
and Pigott, 1989]. Earthquakes on obliquely slipping faults are rare and in many areas convergence seems
to be decoupled into strike-slip and dip-slip components [e.g., Chapter 1; Fitch, 1972].
Rates of deformation in different parts of New Guinea are almost completely unknown but must be
large, because nearly all of the 120 mm/a Pacific-Australia convergence rate is accommodated across the
orogenic belt. Seismicity is concentrated in northern New Guinea [e.g., Cooper and Taylor, 1987]
indicating that most of the convergence takes place there, but a significant number of earthquakes are
present farther south in the Highlands (Chapter 1). The relative rates of motion of these two sections of
the orogen are probably controlled by the relative importance of crustal thickening and shear in the
Highlands as compared to deformation near the north coast. These rates are important to understanding
the evolution of New Guinea and to placing bounds on motion across the Banda Sea in Indonesia
[McCaffrey, 1988; McCaffrey and Abers, in prep., 1989].
The aim of this paper is to use mechanisms, depths, and moments of large earthquakes to elucidate
the regional patterns and rates of active faulting in New Guinea. A body wave inversion technique is used
to determine source parameters for 62 shallow earthquakes in New Guinea (including 18 discussed in
Chapter 1), and these mechanisms are used to estimate rates and directions of motion across the orogenic
belt. Constraints on active tectonic processes are inferred from these results, in particular the relative
rates of deformation and the modes of response to oblique convergence. The results show that strike-slip
faulting and thrust faulting equally contribute to the regional seismic deformation with one or the other
fault type dominant in different parts of the orogen. Earthquakes due to the complex deformation in the
Mamberamo Thrust Belt in eastern Irian Jaya (Indonesian New Guinea) provide evidence for SW-dipping
thrust faults here being confined to the hanging wall of a SW-dipping fault zone that penetrates into the
upper mantle, possibly a nascent south-dipping subduction zone.
GEOLOGICAL SUMMARY
The main phase of the arc-continent collision in New Guinea began in late Miocene time [Dow, 1977;
Dow and Sukamnto, 1984a] and deformation has continued throughout the orogen for at least the last 5 Ma.
The southern part of the collision zone is the northern edge of the Australian craton [e.g., Hamilton, 1979],
in places flexed down beneath the topographic load of the Central Highlands to form a foreland basin over
southern New Guinea [Chapter 3, Abers and Lyon-Caen, 1989]. North of this basin the Highlands form a
south-vergent thrust belt composed of deformed continental margin sediments with metamorphic rocks
and scattered ophiolites flanking the northern margins of the ranges [e.g., Dow, 1977; Visser and Hermes,
1962; Dow and Sukamto, 1984a]. Continental basement rocks are found throughout much of the
Highlands and occasionally farther north, so much of the island may be underlain by continental crust
[Rogerson et al., 1988]. A series of low-lying basins are found north of the Central Highlands, from east to
west the Ramu-Markham Basin, the Sepik Basin, and the Mamberamo Basin. These basins contain
unknown but probably large thicknesses of Neogene marine sediments. For example, fault slices near the
edge of the Mamberamo Basin show 5-10 km of deep-water marine Pliocene to mid Pleistocene
sediments [ Visser and Hermes, 1962; Dow and Sukamto, 1984a,b].
The northern basins are separated from the north coast by mountain ranges, in eastern New Guinea
the 2-4 km high Finisterre range island arc terrane [Davies et al., 1987; Pigram and Davies, 1987], and
various 1-2 km high ranges of complex and poorly understood geology farther west. In Irian Jaya the
northern mountains form the Mamberamo Thrust Belt, an apparently north-vergent series of folds and
thrusts involving mostly Pliocene and early Pleistocene marine sediments with one or two slivers of island
arc volcanics and oceanic basalts [Dow and Sukamto, 1984b; Visser and Hermes, 1962]. Faulting in the
Mamberamo belt appears to postdate mid-Pleistocene and older sediments, which were deposited in a
relatively undisturbed setting.
In central New Guinea, 141 *E-143*E, the low-lying northern mountains are transected by the E-W
Bewani-Torrecelli fault system which separates metamorphic rocks to the south from rocks of island arc
affinity to the north [Dow, 1977]; however, the presence of at least one sliver of continental basement
[Norvick and Hutchison, 1980] suggests a complex history. The sense of movement on this fault zone has
not been conclusively determined from surface geology. The presence of high topography adjacent to the
fault has been taken as evidence for dip-slip motion along this fault [Johnson, 1979] while slickensides
within 30* of horizontal indicate strike-slip motion [Dow, 1977]. The earthquake mechanisms presented
below show predominantly left-lateral strike slip motion on the Bewani-Torrecelli system.
East of 143*E the strike-slip component of convergence is mostly taken up by slip on transform faults
in the Bismarck Sea, a marginal basin opening at rates possibly reaching 130 mm/a [Taylor, 1979]. Most
shallow seismicity in northeast New Guinea is associated with the collision of the Finisterre terrane with
northern New Guinea at the Ramu-Markham fault, which shows south-vergent thrusting and uplift of the
Finisterre block [e.g., Davies et al., 1987]. The Ramu-Markham fault zone is continuous east along strike
with the New Britain Trench, where oceanic crust of the Solomon Sea is still being subducted and the arc-
continent collision has not yet occurred.
In western Irian Jaya, the Bird's Head Peninsula forms a large promontory of continental basement
[Dow and Sukamto, 1984a] and is cut on the north by the large E-W Sorong-Yapen left-slip fault system.
Dow and Sukamto [1984a] infer 370 km of left-lateral slip on the Sorong fault since mid-Miocene from
offset of volcanic terranes. The Sorong-Yapen fault zone is on land across the northern Bird's Head
separating continental basement from island arc volcanics, then steps to the south and probably follows the
north coast of Yapen Island [Hamilton, 1979; Dow and Sukamto, 1984a]. It is unclear how far the Yapen
Fault zone continues east onto the main part of New Guinea, although a prominent E-W trending chain of
mud volcanos near 2*S [Visser and Hermes, 1962] provides evidence that it continues to 138 *E. The
Sorong-Yapen fault and its predecessors are thought to be responsible for westward transport of several
slices of continental material from New Guinea to much of eastern Indonesia [e.g., Silver et al., 1985].
WAVEFORM INVERSION METHOD
We have used a teleseismic body wave inversion technique [Nabelek, 1984] to determine double-
couple mechanisms, depths, moments, and source time functions for 62 shallow earthquakes in New
Guinea (Table 1, Figure 2, Appendix). Solutions for 18 of these events from the Thrust Belt have been
reported and discussed in Chapter 1. This study presents results for the remaining events beneath the
"body" of New Guinea; events in the Papuan Peninsula and the Bird's Head Peninsula were not examined.
These earthquakes are all events with usable seismograms from a list of 172 events with body wave
magnitude (mb) of at least 5.5 recorded by over 200 stations between 1963 and 1984, supplemented with
events from 1985 to 1987 with CMT moment [e.g., Dziewonski et al., 1981] MCMT > 1019 Nm. Because we
are examining only shallow deformation we do not present results for events with depths determined to be
below 75 km from waveform inversions (except possibly event 22), nor for events with ISC catalog depths
below 85 km. These 62 earthquakes form a reasonably complete set of all shallow events in the New
Guinea Orogenic Belt that can be studied with this technique.
Seismograms were taken from analog (WWSSN) and digital (GDSN) global networks for stations at
epicentral distances of 30*-90 ° for long period P waves, or 300 -700 for long-period SH seismograms.
Analog data was digitized by hand and interpolated at 0.5 s intervals. The long-period digital instruments
have significantly lower frequency responses than their analog counterparts and do not provide very strong
constraints on source depth, so broad-band digital records were used whenever possible. These were
obtained by combining the digital long-period and short-period waveforms in the frequency domain using
the technique described by Harvey and Choy [1982], but modified so that the resulting response function
was causal [Ekstrom, 1987] by using 3-pole Butterworth high-pass and low-pass filters. Typically the
resulting instrument response was flat from 0.015 to 1.0 Hz, although occasionally a range of 0.025 or 0.03
to 1.0 Hz was used to remove long-period noise. In practice, for moderate to large earthquakes both
responses gave very similar seismograms to the analog WWSSN instruments.
All data was windowed, linear trends were removed, and the horizontal components were rotated to
form transverse SH seismograms. Arrival times were initially set to times predicted from the ISC
hypocenters using the Jeffries-Bullen tables, or set to impulsive arrivals if present. For some digital P
seismograms arrival times were picked from corresponding short-period seismograms. After initial
solutions were determined, arrival times based on travel-time tables were adjusted by cross-correlation of
observed and calculated seismograms but held close to the initial arrivals (within 1-4 s for P and within 5-
10 s for SH). Inversion weights were assigned so that the weighted power of each data type (analog P and
S, digital long-period P and S, and digital broad-band P) was the same and also so that in geographical
regions of dense coverage individual seismograms had less weight.
Waveforms were calculated from the far-field displacements due to a point dislocation source
[Langston and Helmberger, 1975] and inverted for source parameters using a least squares method similar
to that of Nabelek [1984; 1985] implemented on microcomputers [McCaffrey and Abers, 1988]. The
inversion determined the strike and dip of one fault plane and the rake of the slip vector (using the
convention of Aid and Richards [1980]), the source depth, the seismic moment M0, and the shape of the
source time function as parameterized by a series of overlapping isosceles triangles [Nabelek, 1985].
Details of the method and discussions of its uncertainties are presented elsewhere [e.g., Chapter 1;
Nabelek, 1984; 1985; McCaffrey, 1988].
A half-space source structure was assumed with P velocity VP = 6.5 km/s, S velocity Vs = 3.7 km/s,
and density p = 2800 kg/m 3, with a few exceptions. For events 20 and 46 beneath the Huon Gulf the
source structure was assumed to be a water layer over a half-space, 3 km and 4 km deep respectively based
on water depths at the ISC epicenter. Because these events are near the steep walls of the submarine
Markham Canyon the water depth varies rapidly and these assumed depths may be in error. None of the
source parameters changed significantly when the water layer was replaced with a crustal half space. A
crustal layer over a mantle half-space (Vp = 8.0 km/s, Vs = 4.6 km/s, p = 3300 kg/m 3) was assumed for
Event 22, which had a poorly constrained inversion depth of 85 km (see discussion below).
Most events were found to be well represented by a simple point source. Recorded seismograms from
some events showed complexities that could not be matched by a point source and might indicate source
complexity (e.g. events 20 and 26, see Appendix), and source time functions for some other events showed
two or more distinct peaks (e.g. event 62). However, in most cases the mechanism could be determined
adequately for only one subevent and the addition of several poorly constrained parameters to describe
other subevents did not seem justified. For event 26, the inclusion of a second subevent significantly
improved the fit to the seismograms and a double event was used (Appendix).
Uncertainties in waveformn analysis. The formal uncertainties for source parameters determined by
least-squares inversion (two-sigma values given in Table 1) are well known to drastically underestimate the
true uncertainties [e.g., Nabelek, 1984]. Several studies have examined the uncertainties of body wave
inversion methods [e.g., Chapter 1; McCaffrey, 1988; Stein and Weins, 1986; Huang et al., 1986] and for
small to moderate events with simple rupture patterns these uncertainties are reasonably well known.
Uncertainties for a particular earthquake can be evaluated by fixing one parameter to each of a series of
values and solving for the remaining parameters, to determine the values of the fixed parameter that are
consistent with the data. By using this approach and considering the results of previous studies, we find
that for earthquakes with source durations less than 10 seconds and recorded by stations in at least 2
quadrants of the focal sphere (i.e. in both Asia and Australia) strike and rake of mechanisms could
generally be determined to within 15* for dip-slip mechanisms and 10* for strike-slip mechanisms, dip to
within 10 0, depth to within 5 km for dip-slip mechanisms or 10 km for strike-slip mechanisms, and
moment could be determined with 20-50% uncertainties. Earthquakes recorded in one direction only can
be poorly constrained so events with P waves spanning less than 100 were not used, except for the largest
event (event 29) for which all seismograms from stations in Asia were off scale.
Some tests of parameter uncertainties are shown in the discussion of individual earthquakes in the
Appendix. For the largest earthquakes it was found that nodal plane orientations were generally well
constrained with similar uncertainties as quoted above, although uncertainties for multiple events (i.e., 26)
were much larger. Depths for some of the largest events were sometimes poorly constrained, most notably
for event 22 which could be anywhere between 25 and 95 km deep (see Figure A3). Source depth is
probably less meaningful for these events which have fault lengths of many tens of km. In the Appendix
waveforms for all events are shown, and results for some earthquakes which required more attention are
discussed. Particular attention is paid to the largest earthquakes which account for most of the seismically
observable deformation.
Comparison with Centroid-Moment Tensor Solutions.
Most of the earthquakes analyzed here have been previously studied by other workers, including
several first-motion studies [e.g., Fitch, 1972; Johnson and Molnar, 1972; Ripper, 1975, 1977; Cooper and
Taylor, 1988] and, for 33 earthquakes since 1977, the Harvard centroid-moment tensor (CMT) solutions
[e.g., Dziewonski et al., 1981]. The CMT results constitute a large, reasonably comprehensive set of
mechanisms derived with a different data set and methodology from this study, and make a useful
comparison with our results (Figure 3). Depths were not compared, because the CMT data only analyzes
waveforms at periods longer than 45 s [Dziewonski et al., 1981] and does not provide a strong constraint on
depths except for some recent results that are partly based on broad-band seismograms [Ekstrm, 1987].
Because our moments are based on body waves as recorded on instruments with peak response
periods of 15 seconds while the CMT moments are based on lower frequency data, the CMT solutions are
in general more sensitive to long period components of the seismograms and hence are expected to reflect
the seismic moment more completely. For this reason, the longer period data is often assumed to give
more accurate and larger moments for earthquakes with long durations [e.g., Ekstrm, 1987; Zhang and
Lay, 1989]. While this phenomena has been demonstrated for some of the very largest earthquakes, and
our moments are on average 60% of the CMT moments (Figure 3A), there is no apparent correlation
between moment and relative difference between CMT moments and ours. Some of the largest
disagreements are at fairly small moments, indicating that the apparent moment discrepancy is more likely
due to differences in the way the two methods handle noisy data. Without examining the CMT data set in
detail it is difficult to assess the cause of these discrepancies; for example, the worst fit is for event 46
which has a CMT moment 2.3 times ours (Figure 3A) yet the body wave fit is not obviously any worse than
for many other events (Figure A9) and the mechanisms are nearly identical. The body wave moment for
event 46 is largely determined by inversion of long-period GDSN seismograms (Table 1 and Figure A9),
indicating that the large difference from the CMT moment is not due to a simple bias between WWSSN
and GDSN data sets. Generally the two sets of moments agree to within a factor of two for many of the
largest earthquakes including event 38 which had the longest source duration of any of the events studied
here (51 s). Although it is clear that either we are systematically underestimating moments or the CMT
moments are systematically overestimated (or both), within a factor of two the body wave inversion
technique used here is probably successful in characterizing the long-period components of seismic
moment for these earthquakes.
Mechanisms were compared by examining the similarity of moment tensors between that determined
from the body-wave mechanisms, MBW, and that determined from the double-couple part of the CMT
mechanisms, MCM (Figure 3B). The full CMT moment tensor was not compared, because in general
differences will always exist between the complete moment tensor and a double-couple component. The
two tensors were compared using the scalar measure
dM = V2 (MBW: MC MT )/(MBWM C MT)
where MBw is the body wave scalar moment, MCMT is the CMT scalar moment, and ":" denotes a double
tensor dot product. With this normalization dM is independent of the size of the earthquakes, and if both
moment tensors are pure double couple
dM = V2 { (Pb P) 2 + (tb tc) 2 - (Pb tc) 2 - (t Pc) 2
where Pb and tb are unit vectors for the P- and T-axes for the body wave mechanism, and PC and tc are
the P- and T-axes for the CMT mechanism. Thus, dM = 1 if the mechanisms are the same and dM = -1 if
the P- and T-axes are interchanged. dM = 0.8 if one mechanism differs from the other by a 18* rotation
about the B- axis or by a 39" rotation about the P- or T-axis. For the majority of earthquakes dM is more
than 0.8 indicating good agreement (Figure 3B), and two of the three worst fits are for earthquakes in 1977
when the digital network was small so that the station coverage for the CMT solution is relatively poor.
The overall agreement is reassuring and lends confidence to both methods. By contrast, comparison with
first motion solutions shows wide scatter in dM from 0.2 to 1.0.
DISCUSSION
Active Tectonics of the New Guinea Orogenic Belt
The active deformation apparent from earthquakes shows a variety of fault types, which can be
understood as a response to large-scale oblique convergence. East of 144 0 E the strike slip component of
convergence is mostly localized along the Bismarck Sea transform fault system continuing on land as a
transpressional system north of the Sepik Basin, and west of 137"E along the E-W striking Yapen-Sorong
fault system. In between, deformation is complex but dominated by NW-SE striking thrust earthquakes
beneath the Mamberamo Basin and NNW-SSE striking thrust earthquakes within the Mamberamo Thrust
Belt. Earthquake mechanisms do not support the existence of a through-going left-lateral shear zone [e.g.
Krause, 1965; Cullen and Pigott, 1989] but rather a sequence of alternating strike-slip zones and thrust belts
in northern New Guinea. The southern part of the Highlands form a second zone of deformation,
accountable for an order of magnitude less seismicity and shows both thrusting and localized range-
parallel strike-slip faulting [Chapter 1].
Yapen Fault Zone. The large earthquakes 38 and 52 have one nodal plane parallel to the strike of the
Yapen fault zone here [Dow and Sukamto, 1984a] and give direct evidence for left-lateral slip on this fault
zone. Seven large (M = 7.0 to 8.1) earthquakes earlier in this century [Everingham, 1974] and summed
seismic moments from the last 24 years (Table 2) attest to the rapid slip rate on this fault, several times
that of the parallel Tarera-Aiduna fault zone 300 km to the south. Dow and Sukamto [1984a] estimate 370
km of slip across the Sorong fault since the middle Miocene. Still, this only accounts for 2/3 of the total
plate convergence in the last 5 Ma [Dow and Sukamto, 1984a] indicating that other deformation zones such
as the Highlands are significant. Also, substantial displacement of the Bird's Head relative to Australia is
required to explain N-S compression in the Banda Sea [McCaffrey and Abers, in prep., 1989].
Mamberamo Thrust Belt. Earthquakes near the northern coast of between 137.5 *E and 140.5 *E show
thrust faulting with ENE-WSW P axes, limited oblique slip faulting, and one normal faulting mechanism
for a small earthquake (event 35). The normal fault is located north of the onshore continuation of the
Yapen Fault Zone and could be a pull-apart structure associated with the strike-slip zone, requiring that a
splay of the Yapen Fault steps north into the Caroline Sea where it continues east. Southward jogs in the
strike-slip fault zone observed in the Mamberamo thrust belt [Visser and Hermes, 1962; Dow et al., 1986]
could give rise to thrust faults with nearly E-W trending P axes such as events 34, 42, 56, 61, and 62. None
of the earthquakes have the right sense of motion for underthrusting at the New Guinea Trench, a feature
often postulated to be the locus of subduction of the Caroline Sea under the north coast of New Guinea.
Surface faults in the Mamberamo thrust belt are mapped as dipping to the southwest [Dow et al., 1986]
and asymmetric anticlines and fault scarps indicate south-over-north motion on many structures near the
north coast [Visser and Hermes, 1962]. The exclusively N or NE sense of vergence for thrust faults would
indicate that the thrust belt is underlain by a master fault dipping south. The only earthquakes deeper
than 25 km are those beneath the northeastern Mamberamo Basin at depths of 30-45 km and could be an
indication for deep-seated south-dipping thrusting or subduction. The south-dipping fault planes for these
earthquakes (events 19,25,29,33,47, but not 22) dip 20*-35* SW and the deepest ones project to the
surface 50-85 km north of the earthquakes, somewhat south of the north coast (Figure 4) but near the
northernmost onshore faults mapped in the thrust belt [Visser and Hermes, 1962]. If the south-dipping
planes are indeed the fault planes then the deeper earthquakes probably represent a down-dip
continuation of the main fault system underlying this thrust belt, possibly the deeper part of a subduction
zone if subduction is occurring. The large thrust earthquakes are found only south of the thrust belt and
below 30 km depth, perhaps indicating faulting is in the uppermost mantle. The position of the 30-45 km
deep earthquakes beneath the Mamberamo basin on the upper plate is analogous to the location of many
large earthquakes beneath the forearc basins in oceanic subduction zones [e.g., Byrne et aL., 1988], and
reduced levels of seismicity beneath accretionary prisms may have a similar explanation to the absence of
interplate events shallower than 30 km.
The Mamberamo zone is the only major region in New Guinea where large thrust faults dip to the
south, and in both the Finisterre region and the Highlands the main fault zone clearly dips to the north.
Thus, although the Australian continental margin has been actively deforming since arc-continent collision
began in mid-late Miocene time [e.g., Dow and Sukamto, 1984a,b; Dow, 1977], the vergence of thrusting
has reversed in only one place and a well developed south-dipping subduction system has yet to form. We
speculate on the basis of a very active zone of (probably) subcrustal thrust earthquakes just south of the
Mamberamo Basin, sparse seismicity near 100 km depth (G. Abers, unpub. results), and a rapidly
deforming post-mid Pleistocene Mamberamo Thrust Belt that a south-directed subduction system has
formed over the last 2 Ma which may eventually replace the existing plate boundary. Thus, the
Mamberamo Thrust Belt may represent an intermediate stage of an arc polarity reversal while the
remainder of the margin has not reversed its polarity.
A volcanic arc is absent in Irian Jaya, and no earthquakes are reliably located deeper than 110 km, so
that if the earthquakes at depths of 30-45 km do represent subduction the zone is too young to have
formed a well developed deep seismic zone. If the earthquakes near 100 km depth are at the bottom of a
SW-dipping slab then the slab end would be 250-300 km down-dip from the north coast. At a slip rate of
15-30 mm/a (calculated from seismic moments) the slab would have taken 8 to 20 Ma to reach its present
depth from the north coast. This is considerably longer than the 2 Ma since the start of deformation in the
Mamberamo Thrust belt and indicates either that the deeper earthquakes are unrelated or that the actual
slip rate is closer to 100-150 mm/a.
Sepik region. Earthquakes here show pure strike-slip faulting east of 143*E and more oblique
mechanisms farther west. One thrust mechanism (23) and substantial topographic elevations in the coastal
mountains indicates that some compression is present [e.g., Johnson, 1979] but the overall seismicity
indicates that left lateral shear is probably most important. Still, earthquakes account for only a small
portion of the total plate convergence and it is possible that, like the Highlands in Irian Jaya, there is a
significant amount of thrusting not indicated by seismicity that accompanies strike-slip faulting. Most large
earthquakes are near the mapped E-W Bewani-Torrecelli fault zone in the coastal mountains [e.g.,
D'Addario et al., 1976; Dow, 1977] and indicate that the mapped fault zone is left-lateral strike slip to
oblique slip. This fault zone continues eastward offshore as the western transform segment of the
Bismarck Sea ridge-transform system, where many more earthquakes showing left-slip mechanisms are
present [Taylor, 1979]. It is difficult to trace the strike-slip zone west using earthquakes because there are
few events between 140*E and 141.5*E, so it is unknown how the Sepik seismic zone is related to
deformation in the Mamberamo Thrust Belt.
Eastern New Guinea. Earthquakes between 145°E and 148*E are a consequence of continued
overthrusting of the Finisterre volcanic arc terrane on the northern margin of Australia, a terrane that was
part of the New Britain arc system until late Miocene or Pliocene time [e.g., Jaques and Robinson, 1977;
Falvey and Prichard, 1982]. Thrust mechanisms show both high-angle and low angle faulting with
compressional axes invariably perpendicular to the Ramu-Markham Fault or its eastern extension, the
New Britain Trench. They provide direct evidence for compression on the Ramu-Markham Fault system
[e.g., Davies et al., 1987; Rogerson et al., 1988] and are inconsistent with the hypothesis that the Ramu-
Markham fault is strike slip [e.g., Dow, 1977; Hamilton, 1979; Cullen and Pigott, 1989]. As discussed below,
strike-slip faulting here is confined to the northern Finisterre terrane in the upper plate in this thrust
system, so the terrane is being deformed and sheared by strike-slip faults at the same time as it is being
emplaced.
i I~
Decoupling of Oblique Convergence into Stike-slip and Dip-slip Components
Oblique convergence between the Pacific and Australian plates is accommodated by strike-slip and
dip-slip faulting, rather than oblique slip on a single set of faults. Decoupling of faulting modes is not
unique to New Guinea and is observed in many obliquely convergent arc settings [Fitch, 1972]. The
plunges of P and T axes for New Guinea earthquakes (Figure 5A, after Jones [1987]) indicate that most
earthquakes are either strike-slip (both plunges near zero, or nonzero but equal for a gently dipping strike-
slip fault) or dip-slip thrust (T plunge near 900), with relatively few oblique slip mechanisms (small to
moderate P plunge, moderate T plunge). A histogram of plunges with each event weighted by its moment
(Figure 5B) shows that P axes are nearly always horizontal, consistent with overall compression, but
plunges of T axes show a bimodal distribution with peaks for horizontal and near-vertical plunges
indicating decoupling of oblique slip into strike-slip and dip-slip mechanisms.
An important distinction exists between decoupled fault systems in which thrusting is deep-seated with
strike-slip faulting restricted to the hanging wall (Figure 6A) and those in which strike-slip faulting is
fundamental and adjacent thrust faults steepen into the shear zone (Figure 6B). The first kind of faulting
is frequently observed at island arcs where arc-parallel strike-slip faulting is found in the upper plate
[Fitch, 1972], and has been documented for earthquakes in the New Guinea Highlands where a left-slip
fault zone parallels the thrust front but is underlain by a steeply dipping thrust zone [Chapter 1]. The
second type is often observed in predominantly strike-slip zones [Lowell, 1972], for example in California
where thrust faults and folds within a few tens of km from the San Andreas fault steepen into the strike-
slip zone [e.g., Sylvester and Smith, 1976]. In order for convergence to occur on this second type of fault
system, some distributed deformation is required at depth. Finally, strike-slip faulting may occur in purely
convergent (as opposed to oblique) settings as tear faults bounding thrust sheets or as sets of conjugate
faults.
The second type of faulting (Figure 6B) probably explains the minor thrusting observed near the
Yapen fault zone (events 32, 39, 49, 50), although direct evidence for the fault geometries at depth does
not exist. The Sorong-Yapen Fault system shows several hundred km of Neogene displacement [Dow and
Sukamto, 1984a] suggest that this is a fundamental plate boundary running from 137*E to Sulawesi 1500
km west [e.g., Hamilton, 1979], and seems to form a northwestern boundary of the Mamberamo Thrust
Belt. Very large strike slip events such as event 38 attest to the significance of strike-slip faulting here.
The associated thrust faulting is minor and probably due to a small amount of convergence across the
strike-slip fault zone, similar to thrust faults observed adjacent to the San Andreas Fault in California [e.g.,
Namson and Davis, 1988].
Strike-slip mechanisms predominate in the Sepik region, although some oblique slip mechanisms
indicate that decoupling may not be complete. Because the observed seismicity accounts for only a small
fraction of plate convergence here, it is difficult to assess the relative importances of strike-slip and dip-slip
faulting.
Strike-slip faulting in East New Guinea (events 26, 58, and aftershocks) is found only on the north side
of the Finisterre block, while thrusting is associated with the southern boundary of this block. Geological
structures indicate that this terrane is being actively thrust southward on north-dipping faults over the
north margin of the Australian continent [e.g., Davies et al., 1987; Rogerson et al., 1988], so the strike-slip
events are deforming the upper plate in the thrust system. Similar deformation of the New Britain arc is
indicated by the 1985 Bialla earthquake and aftershocks which showed left-slip faulting on an E-W striking
fault in central New Britain [Moi et al., 1987], indicating that much of the southern edge of the South
Bismarck plate is undergoing left-lateral shear. Although the pole of rotation between the South Bismarck
plate and Australia is not well constrained convergence azimuths are probably between 1900 and 210*
along the Finisterre Ranges [Johnson, 1979], nearly normal to the Ramu-Markham fault zone. Hence the
expected convergence direction is not oblique and strike-slip faulting is not predicted by plate motions in
the Finisterres. The presence of large strike-slip earthquakes indicates that either the opening rates for
the Bismarck Sea are significantly overestimated or these earthquakes are not an indication of oblique
convergence. Assuming left lateral faulting, the slip direction for event 26a is 246* and is 60-70* to the
strike of the fault zone. This event has a similar slip vector to the thrust faults (e.g. event 28) and possibly
is a tear fault bounding one side of a thrust sheet. The slip vectors of mechanisms for events 57-60 are
subparallel to the strike of thrust events farther south (events 20, 46, 53, and 54), if the left-lateral planes
are the fault planes, and may indicate decoupling of oblique convergence across the South Bismarck-
Solomon Sea plate boundary. However, there is no direct evidence for the choice of fault plane for the
Vitiaz Strait events.
The most complex juxtaposition of fault mechanisms is in northeastern Irian Jaya along the
Mamberamo thrust belt, between 137.5"E and 140.50 E. Near the coast thrust mechanisms show
convergence in a nearly E-W direction, while the few strike-slip mechanisms show a strong component of
oblique slip and deeper thrusts to the south show NE-SW convergence (Figure 2). As discussed above,
because the southern events are deeper and have large moments thrusting is likely more fundamental here,
consistent with the interpretation that the thrust belt is detached along a SW-dipping master fault. A small
amount of oblique convergence appears to be taken up in the shallow part of the thrust belt by thrust
earthquakes near the north coast that strike nearly N-S, rather than by strike-slip faulting.
Summation of Moment Tensors and Estimates of Long-Term Deformation Rates
Method. Rates of deformation can be determined from moments and mechanisms of earthquakes,
either by summing moments for many earthquakes on a single fault [Brune, 1968] or by summing moment
tensors for earthquakes in a region of distributed deformation [Kostrov, 1974]. The method of Kostrov
[1974] was used to determine deformation rates in New Guinea due to shallow earthquakes. The ijth
element of the average irrotational strain tensor eq is estimated by
C.. = EM. n / (2V)
where M..n is the ijth component of the moment tensor M n for the nth earthquake, p is the shear
modulus (3.3 x1010 Pa, based on the seismic velocities assumed in the waveform inversion), V is the
volume of the deforming region, and the summation is over n. We adopt the convention that the
coordinate components 1,2, and 3 are positive in the north, east, and down directions respectively [after
Aki and Richards, 1980, but different from Molnar and Deng, 1984 and Jackson and McKenzie, 1988], or
rotated such that the 1 direction is perpendicular to the boundaries of the deforming region. Compression
is indicated by a negative v1 and left-lateral strike-slip faulting by a negative v21. The eigenvalues for the
summed moment tensor M = ZMn indicate the extent to which M can be approximated by a single
double-couple mechanism, which would have normalized eigenvalues of 1, 0, and -1 (Aki and Richards,
1980]. The orientation of the eigenvectors give the direction of maximum and minimum irrotational
shortening. The total moment for all the earthquakes is defined here by MOT = IM /J2 [Silver and
Jordan, 1982] and is in general smaller than the sum of the moments for all the events, M o
If the earthquake recurrence rate in time period studied were representative of the long-term rate, the
long-term strain rate could be estimated by dividing eij by the sample time r (for this study, r = 24 years).
With the 1-axis oriented perpendicular to the boundaries of the zone, the rate of convergence across a
continuous zone of diffuse deformation is given by
V1 = EMl n / (2pLDr)
[Jackson and McKenzie, 1988] for a zone of length L extending to depth D. A similar expression relates
M33 to v3, the average thickening rate. The rate of strike-slip motion parallel to the boundaries v21 and
perpendicular to the boundaries v12 are related to the net moment tensor by
v 2 1 /W + v 1 2 /L = M 2 1
n / (Vr)
for a boundary width W [Jackson and McKenzie, 1988]. The relative horizontal boundary velocity in the 1
direction, v2 1, can be approximated from this equation assuming either that the boundary is much longer
than it is wide [Jackson and McKenzie, 1988] or that velocity gradients parallel to the plate boundary are
negligible [Ekstrom and England, 1989]. In either case, v21/W > > v12/L so that
v21 ZM21n / (pLDr).
In the special case where all deformation is the result of horizontal motion between the two bounding
plates and there is no velocity gradient parallel to the plate boundaries, the deformation tensor is
completely determined by the orientation and rate of plate motion and the boundary orientation [Ekstrom
and England, 1989]. Determination of these two orientations and the velocity from the deformation tensor
is nonunique because ambiguity exists in the choice of which vector is the velocity vector and which is the
boundary normal, similar to the ambiguity in choice of fault plane from earthquake focal mechanisms
[Ekstr6m and England, 1989]. This ambiguity is resolved here (Table 2) by choosing the vector to the
global plate convergence azimuth (72*) as the velocity azimuth. The underlying assumption in these
calculations, that there is no velocity gradient parallel to the plate boundaries, is probably incorrect in New
Guinea because substantial material is being extruded west into the Banda Sea and eastern Indonesia [e.g.,
Silver et al., 1985] but the calculations provide a convenient representation of the deformation indicated by
earthquakes.
Results. We have examined the seismic deformation rates for the 24 year period 1963-1987 (Table 2).
The moment sums are presented for the entire region, separately for the region west of the western
terminus of the Bismarck Sea plate boundary, and for five major deformational zones within the orogen
(Figure 7). Calculations were repeated with subsets of the data to test the dependence of results on one or
two largest earthquakes. Sums that include event 22 use the mechanism and moment calculated for this
event with the depth set at 35 km (Table 1). Depths of the seismogenic zone were estimated from the
maximum depths of earthquakes and are probably representative to within 5 km for most subregions. An
average depth of 25 km was assumed for the entire area, even though the Mamberamo Thrust Belt
earthquakes at depths of 30-45 km were used, because in most of northern New Guinea the maximum
depth of earthquakes is smaller (15-20 kin). Horizontal dimensions of each region are estimated from the
length and width of the surface zone of deformation using the same values as Ekstr6m and England [1989]
for West New Guinea. Because most moment tensor sums are dominated by 1-3 large events the
uncertainties are roughly the same as that for the largest events, usually near 50% when errors in
mechanism and moment are considered. Errors in velocities are slightly larger because they include
uncertainties in the boundaries of the deforming region and particularly the depth of the seismic zone.
The net deformation for the whole region indicates nearly equal components of strike-slip motion left-
lateral on an E-W plane (M2 1 = -28 x 1018 Nm/a), and thrusting (M33 = 26 x 1018 Nm/a). The rate from
seismicity for all events is controlled by the three largest earthquakes, events 22, 29, and 38, which together
make up 75% of ZMn including nearly all of the moment rate tensor components other than M21 (Table
2). The combination of these two types of faulting leads to non-double couple eigenvalues of -1.12, .31,
.81; the P axis is nearly horizontal and strikes at 0410 and the T axis approaches vertical. The relative plate
motion inferred from these earthquakes is 31 mm/a at an azimuth of 720 between boundaries normal to
an azimuth of 09". This azimuth is the same as the predicted 72* direction of Pacific-Australia plate
convergence [Minster and Jordan, 1978] and the boundary orientation is parallel to the north coast, but the
rate is only 25% of the predicted rate. Decreasing the thickness of the seismogenic layer to 20 kin, used by
Ekstrbm and England [1989], would raise the velocity to 39 mm/a.
Ekstrom and England [1989] used this approach to study deformation indicated by ten years of CMT
solutions for New Guinea west of the Bismarck Sea plate boundary. They found that the orientation of the
north coast and the direction of Pacific-Australia plate convergence predicted from global studies were
similar to the net deformation inferred from moment tensor sums, but the plate motion rate of 120 mm/a
was 3-4 times higher than that predicted from ten years of seismicity. This result is similar to our result for
25 years of seismicity in the same region as well as for all New Guinea, although our azimuth for relative
plate velocities (720) is closer to the plate motion direction (720) than is their azimuth (94* for events in
the upper 33 kin, or 85" for all events). Their total moment tensor was dominated by one event, our event
38, and hence their net moment rate tensor showed primarily strike-slip faulting. By comparison, 24 years
of body wave date includes two large thrust events, 22 and 29, of comparable moment to event 38 and
hence the net moment rate tensor shows nearly equal components of dip-slip and strike-slip faulting.
(Event 22 may actually be much deeper and not part of the shallow deformation, but removing it only
reduced the total moment by 20%.) Both fault types must be included in order for relative motion
directions inferred from seismicity to agree with global plate motions. The very close agreement between
Ekstrdm and England's scalar moment rate and ours (34. vs 35. xl018 Nm) is somewhat fortuitous given the
reliance of both estimates on 1 to 3 earthquakes, and given the slightly different definitions of scalar
moment used in the two studies and given the substantial bias between the body wave and CMT moments
(Figure 3A).
It is necessary to sum moment tensors for earthquakes to 45 km depth, even though in most regions
seismicity is confined in the upper 20-25 km, in order to match the global plate motion direction. The
deeper earthquakes beneath the Mamberamo Thrust Belt predict convergence at 35* while the shallower
events predict convergence at 101", both for boundaries striking 94-114 *. This difference is probably
indicative of decoupling of convergence into shallow strike-slip motion and deeper thrust motion, but does
not necessarily mean that the upper crust and upper mantle are moving in different directions. If the
deeper thrust events are on a steep down-dip extension of the master fault underlying the Mamberamo
Thrust Belt then the rate predicted from them is probably the same as for the shallower aseismic part of
the master fault. Because the shallower part of the main NW-SE striking fault seems to be aseismic,
however, it is only by including the deeper events that the rate of slip on this fault can be measured. Thus,
substantial aseismic slip must be occurring in the upper part of the Mamberamo Thrust Belt.
Moment tensor sums for East and West New Guinea show different orientations of P axes, 25 -30* in
the East and 40*-45* in the West, and are consistent with some of the strike-slip component of
convergence in the east being taken up by strike-slip faulting in the Bismarck Sea [e.g., Taylor, 1979]. The
30 degree trend of the P axis for East New Guinea is perpendicular to the trend of active compressional
structures there, most notably the Ramu-Markham Fault Zone bounding the southern margin of the
Finisterre terrane. However, the rate for East New Guinea relies heavily on event 56, which makes up
about 40% of the total moment. Event 26 makes up much of the rest. The same problem exists for the
calculation of deformation in the Finisterre region (Table 2, Figure 7), which is a subset of the East New
Guinea region.
Rates for the small areas are more suspect, because in many cases they reflect merely the largest
earthquake and the recurrence interval is probably inadequately sampled. For example, the Yapen Fault
Zone (the eastern extension of the Sorong Fault) has a strike-slip rate of 50 mm/a on a fault striking 1020,
but if event 38 is neglected this rate falls to 10 mm/a. Clearly, without knowing the recurrence rate of
large earthquakes on this fault it is impossible to know the slip rate; nevertheless, 7 large (M>7.0)
earthquakes recorded earlier this century were located near the Yapen fault and indicate the recurrence
rate for such events is 10-15 years. Even without event 38 the slip rate here is appreciably larger than
calculated for the Highlands, which also shows predominantly left-slip on E-W faults [Chapter 1],
indicating that most of the strike-slip component of convergence is taken up in the north.
The seismic thickening rate for the Finisterres of 0.5 mm/a (Table 2) is considerably smaller than
Quaternary uplift rates of over 1 mm/a [Chappell, 1974; Crook, 1986]. The high geological rates are
localized, and are for uplift rather than thickening, while the seismic rates are an average over the entire
region.
Seismicity indicates a strike-slip rate in the Sepik region near 11 mm/a, based on several earthquakes
showing left-lateral faulting along an E-W fault zone in the northern coastal mountains (Table 2, Figures 2
and 7). The westernmost earthquakes here are some of the few in New Guinea to show oblique slip, but
the overall motion is strike slip (M2 1 > > M 33). Because the seismic zone here is the only active region
between 141* E and 144 E the motion here should account for all the Pacific-Australian convergence,
about 100-120 mm/a on an E-W plane. Thus, the rate of seismic slip on the Bewani-Torrecelli fault
system is an order of magnitude lower than expected, indicating either 1) large earthquakes occasionally
occur on this fault segment but did not in the last 25 years, 2) most of the slip is aseismic, or 3) significant
motion is taken up on other structures at this longitude. Possibilities 1) and 2) are difficult to evaluate, but
in order for 1) to be true a moment rate of 3x10 19 Nm/a must be taken up by very large earthquakes, for
example by a magnitude 8.1 earthquake every 50 years. Given the inadequacy of the historical earthquake
record for New Guinea, such a possibility cannot be ruled out. Small plates have been postulated to exist
north of New Guinea, such as a North Bismarck plate [Johnson and Molnar, 1972] or a Caroline plate
[Weissel and Anderson, 1978], but their motion relative to the Pacific is at least an order of magnitude
smaller than Pacific-Australia convergence rates so that possibility 3) requires extensive additional faulting
somewhere in New Guinea. Furthermore, the close agreement between plate motion directions and the
seismic convergence directions inferred for West New Guinea indicate that possible plates north of New
Guinea cannot have substantial motion.
Convergence rates across the North Coast of Irian Jaya and the Mamberamo Thrust Belt are in the
range of 15-30 mm/a, depending on the orientation used for the boundary and the inclusion of event 22.
These rates are by far the largest for any thrust zone in New Guinea and thickening rates of 2.5-5 mm/a
are indicated. Assuming that all NW-SE striking thrust events (events 19,25,29,33,47, and possibly 22)
occurred on one 300 km long fault dipping 30" to the SW from the surface to 45 km depth, the slip rate on
a single fault would be ZM0/prA for fault area A [Brune, 1968], giving a rate of 19 - 30 mm/a depending
on whether or not event 22 is included. The equivalent horizontal convergence velocity is 16 - 26 mm/a.
Uncertainties in moment estimation (near 50%) and in recurrence intervals for these earthquakes
probably make the bounds on convergence here closer to 8-50 mm/a.
Moment rates estimated from magnitudes of historical earthquakes for Western New Guinea give
_Mo/r = 1.2 x 1020 Nm/a [Ekstrom and England, 1989] using the catalog of Duda [1965]. We recalculated
the moment rate for all of New Guinea using the similar catalog of Everingham [1974], assuming the
catalog magnitudes are +0.2 units too high as implied by a comparison with Ms [Geller and Kanamori,
1977]. The resulting rate, EMo/r = 1.1 x 1020 Nm/a for the period 1900-1971, is similar to that calculated
by Ekstrn5m and England [1989] and is based on much of the same data. The rate for the period 1922-1971,
0.7 x 1020 Nm/a, is substantially smaller indicating that the catalog is strongly influenced by a few large
earthquakes early in this century. Both these figures are slightly larger than the value determined from
body waves for 1963-1987 of _Mo/r = 0.57 x 1020 Nm/a (Table 2). Although the 24 year rate may be
underestimating long-term seismic strain rates by a factor of 2, because the 1922-1971 rate is within 10-
15% of the 1963-1987 rate (as is the 10 year rate of Ekstr6m and England [1989]) it is more likely that the
72 year rate is biased by a few very large earthquakes early in the century. The difference between the 24
year rate and the 50 year rate might be explained entirely by a systematic underestimate of moments in the
body wave inversion, indicated by the 40% difference with the CMT moments. Thus, estimates from the
24 year period examined here are probably representative of the seismic strain rates in New Guinea to
within 2-4 x 1019 Nm/a. Smaller earthquakes than those studied here (5.7 < M < 7.7) should account for
10% more seismic moment, assuming a "b-value" of 1.0.
In summary, it appears that seismicity underestimates the total convergence between Pacific and
Australian plates (120 mm/a [Minster and Jordan, 1978]) by a factor of 2-4, even when 5-25 mm/a of
motion in the Highlands is taken into account [Chapter 1]. Although the combined extremal uncertainties
in seismic moments, sizes of deforming volumes, and earthquake recurrence could give a rate close to the
plate motion rate, substantial aseismic slip seems to be required at least for the shallow part of the
Mamberamo Thrust Belt. Both shallow (<20 km depth) strike-slip earthquakes and deeper (30-45 km
depth) thrust earthquakes must be included to give a seismic slip direction parallel to the plate
convergence direction, indicating that the shallower part of the thrust belt must be slipping aseismically at
a rate similar to the deeper part. Thus, although the uncertainties in seismic slip rates do not require
aseismic slip the geometry of faulting does. The maximum rates are based on earthquakes only between
137.5 *E and 140.5 *E, and 25 year seismicity at other longitudes (such as in the Sepik region) seems
grossly insufficient to account for plate convergence. For comparison, using a similar approach Molnar
and Deng [1984] were able to explain most of the convergence between India and Asia by faulting in
Central Asia, and Jackson and McKenzie [1988] found wide variation in the amount of plate motion that is
accounted for by earthquakes in different parts of the Mediterranean and Middle East.
Crustal thickening alone appears insufficient to account for the entire plate convergence, aseismically
or seismically. Assuming that topography was originally at sea level and is now isostatically compensated,
a convergence of 50-60 km can be calculated for Irian Jaya to explain the present topography of the
Highlands, indicating 5-15 mm/a of N-S convergence if the topography was formed in the last 4-10 Ma
(Chapter 1). Actual convergence could be somewhat more, because in northern New Guinea much crustal
thickening is needed to lift the deep-water marine sediments to sea level, and there is no guarantee that
deformation rates have remained constant throughout the collision. However, the rates of crustal
thickening calculated from topography and isostasy (5-15 mm/a) are 3-10 times smaller than the
component of plate convergence perpendicular to the mountains (40-50 mm/a). The discrepancy may
indicate that much of the aseismic convergence is taken up by mechanisms other than crustal thickening,
such as subduction and extrusion of material to the west.
CONCLUSIONS
Within any section of the orogenic belt in New Guinea seismic deformation is largely confined to one
or two active structures. The Highlands [Chapter 1] form a belt of E-W left-slip faulting and crustal
thickening parallel to the main zone of activity in the north. Faulting in the Bewani-Torrecelli Ranges
(141*E-144*E) and near Yapen (134*E-137.5*E) is largely localized along one major strike-slip fault
zone, with some minor adjacent thrusting. Some of the mechanisms in the Bewani-Torrecelli Ranges show
oblique-slip faulting, but strike-slip faulting predominates. The primary mode of deformation in the
Finisterre region appears to be thrust faulting along the Ramu-Markham thrust fault zone, although the
largest earthquakes indicate strike-slip deformation of the overriding Finisterre terrane.
The Mamberamo Thrust belt shows E-W convergence by strike-slip and thrust faulting at shallow
(<20 kin) depths near the north coast, and major thrust faulting at 30-45 km depth on faults striking NW-
SE. The shallower earthquakes probably represent deformation within the hanging wall of a crustal-scale
thrust belt or young subduction zone, and the large earthquakes at 30-45 km depth may indicate slip on the
down-dip extension of the fault underlying the shallow, detached thrust belt. E-W convergence in the
upper plate accommodates the step of strike-slip faults between the Bismarck-Sepik zone east of 141.5*E
and the Yapen zone west of 138 *E.
Rates of convergence estimated from seismic moments account for only 10-50% of that expected from
plate convergence rates, although the convergence direction estimated from the earthquakes is the same as
predicted. The total moment tensor for all New Guinea shows nearly equal M 21 and M33 components
indicating similar amounts of strike-slip and thrust faulting. Both modes of faulting are operative in
accommodating oblique convergence. The significance of both modes of faulting, rather than oblique
faulting, is apparent in the overall distribution of mechanisms here which are predominantly dip-slip or
strike-slip.
Oblique convergence is taken up on several different systems in New Guinea, and in each region both
strike-slip faulting and thrust faulting are present. Oblique slip is rare. These results have significant
implications for interpreting older, inactive accreted terranes, since internal deformation is prevalent in
most fault blocks. For example, both the Finisterre Ranges and the Western Highlands are bound on the
south by thrust zones but have large strike-slip earthquakes in their interiors. Also, shallow thrust faults in
the Mamberamo Thrust Belt have a different slip direction (E-W) than do the deeper earthquakes (NE-
SW) that presumably indicate the sense of motion of the detached thrust belt as a whole. If fault systems
similar to these were found and correctly identified in an older, inactive terrane one might infer a two
stage history, one stage for the accretion and one for the internal deformation. The many examples in
New Guinea show that such systems can be and often are contemporaneous.
APPENDIX: RESULTS FROM WAVEFORM INVERSION
Waveform inversion results for some large or unusual earthquakes are discussed below (Figures Al-
All) and waveforms for the remaining earthquakes are presented (Figure A12). The inversion method is
described in the text.
Event 20 (Figure Al). This event is located at the western end of the New Britain trench beneath 4
km of water, so synthetic seismograms were calculated assuming a water layer. Most stations show a
compressional first arrival indicating a high-angle thrust mechanism, but stations HKC, SHK and MAT to
the north show an impulsive dilatational first arrival with amplitudes much larger than could be generated
with a simple double couple mechanism. The width of the first half cycle was 1-3 seconds at these stations
to the north, as opposed to 6-9 seconds for the first (compressional) half cycle at other stations, and it
could not be matched as a depth phase. This arrival indicates that an earlier subevent preceded the main
shock to the three northern stations, but because the only constraints on this earlier subevent are three
dilatational first arrivals its source parameters are necessarily poorly constrained. A single mechanism is
presented here, which is consistent with most of the seismograms but violates first motion polarities at the
three northern stations.
Events 22 and 25. Event 22 is a large event in or below the Mamberamo Thrust Belt, and of all the
events studied has by far the poorest depth resolution. The depth determined by waveform inversion is 85
km assuming a crust over a mantle half-space (Figure A2A), or 74 km if a crustal half-space is assumed,
but most seismograms can be matched equally well (or poorly) at all depths between 25 and 85 km in a
crustal half-space (Figure A3A). (A half space structure is used to make all comparisons for simplicity and
in order to avoid complexity due to inversion minima at depths near interfaces [Huang et al., 1986].) The
source duration varies from 35 s at 25 km to 21 s at 85 km, and the moment decreases correspondingly.
Tests allowing for horizontal rupture propagation (no shown) did not significantly improve the fits. By
contrast, the much smaller event 25 (Figure A2B) is located in nearly the same place (Figure 2) but cannot
be fit at depths even 10 km from the 36 km inversion depth (Figure A3B). The depth for the smaller event
can be determined to within 10 km and probably to within 5 km, while depth is nearly completely
unconstrained for event 22. Residual variances increase by 41% or 76% for event 25 if the depth is
respectively decreased or increased by 10 kin, while the residual variance for event 22 decreases by only
8% if the depth is decreased by 50 km (Figure A3C). Unfortunately, arrival times give almost no
information on depths because the nearest stations recording these earthquakes are over 550 km distant.
Thus, on the basis of these waveforms we cannot determine whether event 22 represents shallow
faulting or deformation in a deeper seismic zone. Earthquake locations and waveforms show that some
earthquakes near event 22 occur at depths near 100 km (G. Abers, unpublished data), so it is possible that
the 85 km depth is approximately correct. However, most shallow earthquakes in the Mamberamo Thrust
Belt with mechanisms similar to event 22 are shallow while deeper earthquakes are less frequent (only two
were found below Irian Jaya of sufficient size for waveform inversion), so it is most likely that this
earthquake is at 30-45 km and similar to the other large Mamberamo Basin events. At 35-45 km depths
event 22 has a source duration of 30-40 seconds (Figure A3a, Table 1) indicating a fault diameter of 75-120
km (assuming a circular fault and a rupture velocity of 2.5-3.0 km/s), so the exact point source depth has
little importance.
Event 26 and 28 (Madang Earthquake Sequence). The 1970 Madang earthquake (Figure A4A) was
one of the most damaging recent earthquakes in Papua New Guinea [Everingham, 1975]. Numerous
aftershocks recorded by stations in Papua New Guinea show a WSW-ENE trend extending 100 km (Figure
AS and Everingham [1975]). The main event had a complex rupture indicating primarily left-lateral slip on
a WSW-ENE fault plane (subparallel to the aftershock trend) while the largest aftershock, event 28,
showed high-angle thrust faulting on a fault plane striking NW-SE (Figure A4B). The source was
examined in more detail, because the waveforms are complex and because this event contributes
significantly to the total seismic moment from eastern New Guinea.
The source time function determined for a single mechanism (Figure A6A) shows an initial sharp
peak and a larger more gradual peak 20-30 s after the first arrival, corresponding to two distinct arrivals in
most the seismograms. Both of the observed arrivals are coherent between stations but the amplitudes of
the second set of arrivals cannot be matched with the single mechanism, suggesting that the mechanism or
location for the second subevent may be different from the first. The mechanism for the first subevent was
determined by restricting the source time function to two 4-second triangular elements and by inverting the
first 20 seconds of the seismogram only, resulting in a nearly pure strike-slip mechanism (Figure A6B). A
second subevent was included by assuming that the two subevents did not overlap in time and that the first
subevent stopped after the initial 10 s peak (Figure A6C). This parameterization matches the second pulse
in P seismograms south (RIV), west (KOD), and north (SHK) of the event but does not match stations to
the east (RAR). The second subevent has one near-vertical nodal plane and one near-horizontal, and does
not match stations to the W such as RAR because they are placed on a node in order to produce the low
amplitudes for reflected phases seen at stations such as KOD to the east. By contrast, if the first strike-slip
subevent is allowed to continue in time and partly overlap with the second subevent, amplitudes of the late
phases are matched at all stations (Figure A6D). Stations to the W have low-amplitude signals because
the late phase for both subevents arrives at the same time and destructively interferes, allowing for a large-
amplitude second subevent at stations to the E such as RAR. This effect was enhanced by including the
location of the second event in the inversion for source mechanism, resulting in a location for the second
event 30 km WNW from the first (Figure A5). There is significant nonuniqueness to this solution and it
was found that the first subevent could be much longer in duration completely overlapping the second
subevent in time, doubling the total seismic moment while producing seismograms similar to those in
Figure A6D. The first subevent can produce a substantial part of the late phases (Figure A6A), but
because the mechanism is strike-slip rather than dip-slip the moment necessary to generate the same
amplitudes at most teleseismic stations is much larger. The solution presented in Figure A6D has the
shortest duration required for the first subevent and is probably the solution with the minimum seismic
moment (the total moment here is near 4.4 x10 19 Nm, while it reaches 9 x10 19 Nm if a single mechanism is
assumed or if the first subevent is allowed to completely overlap the second).
The slip vector on either of the nodal planes for the second subevent is nearly perpendicular to the
assumed slip vector assumed for the first subevent, as well as to the P axis for the large dip-slip aftershock
(event 28). Therefore, this earthquake is not result from simple motion on a single fault block but
indicates a more complex pattern of deformation. Nevertheless, the slip vector azimuths for event 26a and
event 28 are nearly the same and SW or WSW convergence explains most of the faulting.
Event 29 (Figure A7). This was the largest event to occur in New Guinea since the advent of the
WWSSN global seismic network in 1962, with a calculated moment of 4.1 x 1020 Nm and surface-wave
magnitude MS = 8.1 [Ganse and Nelson, 1981], comprising nearly 30% of the total seismic moment for all
events in this study. Most records for stations closer than 100 * are off scale including all Asian stations, so
coverage is poor. However, the resulting mechanism and depth is very similar to that of smaller nearby
events (Figure 2 and Table 1) suggesting that it is probably correct, and the depth seems fairly well
constrained (Figure A7B). A 10 km increase or decrease in depth causes the residual variance to increase
by nearly 100% and the fits degrade dramatically (Figures A3C, A7B) indicating uncertainties in depth
much less than 10 km. The apparently tight depth constraint should be treated with some caution,
however, because all seismograms are from a narrow range of azimuths and some of the improvement in
fit relative to earthquakes with better coverage may be because regional path effects are matched by
complexities in the source time function. Nevertheless, such a well-defined variance minimum with depth
is surprising for an earthquake of this size which must have a fault length of several tens of km.
Event 38 (Figure A8A). This is the largest earthquake in Irian Jaya recorded by global digital network
(1977 to present), and dominates the summed moment of earthquakes for the last 10 years [Ekstrbm and
England, 1989]. The mechanism is nearly pure strike-slip with one plane striking parallel to the Yapen
fault, indicating left-lateral shear on this structure as inferred from regional geology [e.g., Dow and
Sukamto, 1984a]. Varying the strike of the mechanism by 15" (Figure A8B) greatly degrades the fits at
many stations and violates some polarities showing that uncertainties in orientation are substantially less
than that, probably closer to 5-10*. The source time function has two distinct peaks and the earthquake
may be more adequately explained as a double event, but the overall good fit to the observed seismograms
with a single mechanism suggests that such treatment is not warranted. This is the largest event analyzed
both here and in the CMT catalog, yet the two moments differ by less than 9%.
Event 46 (Figure A9). This event like event 20 is located in Markham canyon at the western end of the
New Britain trench, apparently showing very low angle thrusting of the New Britain-Huon block over the
subducting Solomon Sea plate at 25-30 km depth. Although the mechanism obtained here is nearly
identical to the CMT solution (dM = 0.99) the CMT moment is 23 times larger. It is unclear how such a
large moment could be consistent with the observed body waves, although a large very low frequency
component may be possible.
Events 53 and 54. These two small events are located on the southern margin of the rapidly uplifting
Huon Peninsula and probably indicate southward thrusting of the Finisterre volcanic arc terrane as it is
being emplaced on the Australian continental margin. Waveform inversions for both events show two
distinct minima variance in residual variance with depth (Figure A10), one near 10 km and one near 25 km
(labelled "Alt"). The two minima are the result of depth phases matching either of the two sharp down
signals clearest for event 54. The effect is probably the result of complicated reflections in the source
region, but no direct information on the subsurface structure is available. The presence of additional
reflectors is also indicated by the complex source time functions at shallow depths. The shallower depths
are used in all calculations because they formally produced slightly lower variances, and because they
showed a better fit to both sharp down signals, but similar results would be obtained using the deeper
solutions.
Events 57-60 (Vitiaz Straits Earthquake Sequence). Event 58 (Ms = 7.4) was one of the two largest
recent earthquakes in eastern New Guinea. It was preceded by one major foreshock, event 57, and two
large aftershocks studied here, events 59 and 60, all of which were large enough to allow body wave
inversion (Figure All). Although the waveforms for the main event are complex the mechanism is strike-
slip with P axes trending NE-SW and the other events show similar mechanisms. The mechanism for the
main shock is similar to the CMT mechanism (dM = 0.94), although the moment (5.4 x10 19 Nm) is only
half as large as the CMT moment. Depths for all these events are in the upper 25 km, and waveforms
clearly rule out the ISC depth of 62 km for the main shock or 40 and 47 km for the two aftershocks. The
inability of arrival times to determine depths is probably due to the fact that for most shallow (<100 km
depth) earthquakes in western New Britain and the Vitiaz Straits, raypaths to local or regional stations are
nearly horizontal and provide no information on source depths [Chapter 4] so depths are controlled only
by travel times to teleseismic stations over a small range of takeoff angles.
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FIGURE CAPTIONS
Fig. 1. Map of New Guinea showing regional structures, tectonic provinces, geographical names,
topography, and direction of Pacific-Australia plate convergence. Structures are from Hamilton [1979],
Dow et al. [1986], and Doutch [1981]. Pacific-Australia plate-convergence vectors [Minster and Jordan,
1978] are shown as arrows, with arrowheads at the location the vectors were calculated and arrow length
proportional to velocity (labelled for arrow at 140*E). Ten-minute topographic averages are contoured
every 1000 m above sea level (dotted lines) and is labeled in meters. Filled circles are major volcanic
centers in the Highlands [D'Addario et al., 1976]. Abbreviations: BT, Bewani-Torrecelli Ranges; FR,
Finisterre Range; HP, Huon Peninsula; KR, Kubor Range; MTB, Mamberamo Thrust Belt; NBT, New
Britain Trench; OSF, Owen Stanley Fault; RMF, Ramu-Markham Fault; SBP, South Bismarck Plate; SF,
Sorong Fault; ST, Seram Trough; TAF, Tarera-Aiduna Fault; TF, Thrust Front; TT, Trobriand Trough;
VS, Vitiaz Strait; WB, Woodlark Basin; WO, Weyland Overthrust. The Direwo fault is indicated by solid
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diamonds, thrust faults are indicated by solid triangles on the presumed hanging wall, and strike slip faults
are indicated by split arrows.
Fig. 2. Map of focal mechanisms determined in this study. A) Irian Jaya. B) Papua New Guinea.
Focal mechanisms are shown as lower hemisphere projections with the compressional quadrants shaded,
the P axis is shown as a solid circle. The sizes of the focal spheres are scaled to log(M0) as indicated by
scale in corner of B). Focal spheres are labeled EVENT/DEPTH(km), where EVENT is the event
number (Table 1) and DEPTH is the source depth determined by waveform inversion. Faults are labelled
on Figure 1.
Fig. 3. Comparison of results for 33 events (F4, F10, F11, F15-F18, and 37-62) with regularly
published CMT solutions [e.g., Dziewonski et al., 1981; 1983]. A) Comparison of body wave moment MBW
with normalized difference in moment. Error bars are two-sigma for our results (Table 1) and estimated
from errors presented for individual components of CMT moment tensors. B) Comparison of
mechanisms for moment tensors from double-couples. dM is defined in the text.
Fig. 4. Cross section of earthquakes in the Mamberamo Thrust Belt, oriented N300*E to the left, no
vertical exaggeration. Horizontal scale tics are each degree, with the center of section at 3 S, 139 E.
Vertical scale is given in km on right. Focal spheres are back projections with radius scaled to log(M),
labelled by event number (Table 1). Large arrow above event 22 indicates that depth for this event could
be much less (See Appendix, Figure A3).
Fig. 5. Classification of focal mechanisms. A) Plunge of T axis vs. plunge of P axis, in the format of
Jones [1987]. Strike-slip mechanisms plot near 0*,0* while dip-slip mechanisms fall on the diagonal line
intersecting 0* P plunge, 90* T plunge. B) Histogram of total seismic moment for earthquakes with given
P (dashed) or T (solid) axis plunge, for 10' ranges. Note bimodal distribution for plunge of T axis,
indicating a regional decoupling of mechanisms into strike-slip and dip-slip earthquakes.
Fig. 6. Cartoons illustrating two different modes of accommodating oblique convergence by
decoupling into strike-slip and dip-slip faults. A) Strike-slip fault is in the hanging wall of a thrust system,
from Chapter 1 after Fitch [1972]. B) Thrust faults steepen with depth and merge into strike-slip fault
zone, after Lowell [1972].
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Fig. 7. Locations of regions for which seismic moment tensors were summed (Table 2). West New
Guinea and East New Guinea are assumed to be divided at the Bismarck Triple Junction (approximate
junction of Pacific/Caroline, Australian, and South Bismarck plates).
Fig. Al. Waveforms and solutions for event 20. The earthquake is labelled by the event number from
Table 1 in the upper left, and by date at the top. Below the date is the mechanism, in the format
STRIKE(°)/ DIP(*)/ RAKE(')/ DEPTH(km)/ MOMENT(x106 N m). P waves are shown on top and
SH waves are on the bottom, with the nodes of the corresponding radiation patterns in the focal spheres.
Small solid and open circles on the P-wave focal sphere designate the P and T axes, respectively. The
source-time function and time scale are shown on the left, between P and SH waves. A separate time scale
is used for the seismograms and for the source time function. Small letters in the focal spheres show
positions of rays to stations, and correspond to letters next to the waveforms below the station names.
Solid lines are observed seismograms, dashed lines are calculated. Seismogram amplitudes are corrected
to a magnification of 3000 and a distance of 400, and the scale in pm is at the lower left of the focal
spheres. Different data types (WWSSN, GDSN long period, broad band) have different scales.
Seismograms and amplitude scales are denoted "w" for WWSSN analog, "d" for GDSN digital, and "b" for
broad band.
Fig. A2. All seismograms and calculated mechanisms for A) event 22, and B) event 25. Format is
same as Figure Al.
Fig. A3. A) Selected observed seismograms (solid lines) for event 22 with calculated seismograms
(dashed lines) at each of several fixed depths and at the depth determined by the inversion (74 km). B)
Same for event 25, with the inversion depth of 36 km. Seismograms were calculated assuming a crustal
half-space. Also shown for each inversion are the resulting source time function and the nodes of the P
and SH radiation pattern. Second scale on top row gives the time scale for the seismograms, while each
source time function has a separate time scale. C) Residual variance relative to minimum variance as a
function of depth for events 22, 25, and 29.
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Fig. A4. All seismograms and calculated mechanisms for A) event 26, and B) event 28. Format is
same as Figure Al. Second subevent of event 26 shown by dashed lines for source time function and for P
and SH nodes.
Fig. A5. Relocated aftershocks and main shocks for 1970 Madang earthquake sequence, and focal
mechanisms for events 26 and 28. Events were relocated using data and 3-dimensional velocity model of
Chapter 4 from arrival times recorded in Papua New Guinea, except for second subevent of event 26 (26b)
which was relocated relative to event 26a in the waveform inversion (see text). Depths for events 26 and 28
during relocation were held fixed to values determined by waveform inversion. Mechanisms are plotted in
same format as Figure 2. Ramu-Markham Fault Zone is labelled as "R-M Fault".
Fig. A6. Selected observed (solid) and calculated (dashed) seismograms from different mechanisms
for event 26, together with nodes of P and SH radiation patterns and calculated source-time function
(S.T.F.). Time scale for all seismograms is the same and given as the second scale in part A, while time
scales for source time functions are given with each S.T.F. A) Mechanism and waveforms determined
assuming a single source. B) First subevent and waveforms determined by inversion of the first 20 s of the
seismogram and restricting the source time function to two 4-second elements. C) Two subevents,
determined by inversion of the entire body waveform but fixing the first mechanism to that determined in
B. Both events were assumed to have same location. D) Two subevents, determined by inversion of the
entire body waveform and allowing STF of the first subevent to have four 4-second elements.
Fig. A7. Results for event 29. A) All observed and calculated waveforms, mechanism and source
time function. Format is same as Fig. Al. B) Selected observed and calculated seismograms for each of
several fixed depths and at the depth determined by the inversion (44 km). Format is same as Fig. A3.
Fig. A8. Results for event 38. A) All observed and calculated waveforms, mechanism and source
time function. Format is same as Fig. Al. B) Selected observed and calculated seismograms for two fixed
strikes and for the strike determined by the inversion (106"). Format is same as Fig. A3.
Fig. A9. All observed and calculated waveforms, mechanism and source time function for event 46.
Format is same as Fig. Al.
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Fig. A10. All observed and calculated waveforms, mechanisms and source time functions for events 53
and 54. Two depth minima are found and seismograms are shown for both, with the alternative deeper
depth labelled "Alt". Format is same as Fig. Al.
Fig. All. All observed and calculated waveforms, mechanisms and source time functions for the
Vitiaz Straits Earthquake Sequence, events 57-60. Event 58 is the main shock (Ms = 7.4). Format is same
as Fig. Al.
Fig. A12. All observed and calculated waveforms, mechanisms and source time functions for
remaining earthquakes in Table 1 not shown in Figures Al-All. Format is same as Fig. Al.
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TABLE 1 (CONTINUED)
8729 1817:31.0 -5.98 147.79 20A+ 0.4 5.6 276 90+ 6 3.1 2381+2 55+3 352+ 2 332 84 201 29 100 19 341 54 4 2 0 6 5 0.2176
87225 11:27:10.7 -6.15 147.65 23.0 +15 5.7 304 91+ 13 2.5 12+ 3 89+ 2 168+ 2 103 78 58 8 327 9 189 78 0 0 0 6 4 0.5004
87627 0:17:49 -2.19 13824 10.9+1.3 5.7 365+ 34 83 129+4 48+5 19+5 26 76 83 17 338 40 191 45 0 0 0 13 6 0A175
871025 16:54:5.6 -2.39 138A1 4.7+1.0 6.2 2022+230 11.7 337+ 7 33+3 62+7 189 61 267 15 134 69 1 15 0 0 0 8 6 03058
Locations from ISC or ISS, except events 61 and 62 from NEIC. Mb = body wave magnitude, num. stations are for ISC location, MO = moment, dur = estnimated source duration from S.T.F., P,T,B
axes given by azimuth (Az) and plunge (PI). WP, WS, DP, DS, and DBB are number of seismograms used for different data types, respectively WWSSN P waves, WWSSN SH waves, GDSN long-
b period P waves, GDSN long-period SH waves, and GDSN broadband P waves. Res/data is weighted residual variance normalized by weighted power in data. See Chapter 1 for events 
1-18.&
C Depth fixed.
Second subevent; O.T., lat., and long. include relative relocation from waveform inversion.
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TABLE 2: MOMENT TENSOR SUMS 1963-1987
Size (km) 1 Axis Moment Rate (101 Nm M 0 /r 1  EM 0 /r P-Az T-Az Velocities (mm/a) Boundary
Region LxWxD # eqs az M11 M21 31 M2 2 M3 2 M33 x101
8
x1018 /Plb /Plb 1 3 v 2 1 Vel Az N
All Events 1500x500x25
All Events 1500x500x25
Except 22
Events 22,29,38 1500x500x25
All Events 1500x400x25
West New Guinea 1350x400x20
Ekstromn and 1350x400x20
England [1989], shallow
East New Guinea 500x400x25
East New Guinea 500x400x25
East New Guinea 500x400x25
w/o Event 58
Finisterres 500x150x25
Events 28,26,21,31,40,
53,48,54,57,58,59,60,46,20
Sepik 400x100x20
Events 23,24,37,41,43,44,51
N Coast Inran Jaya 400x200x35
and Mamberamo
N Coast Irian Jaya 400x200x35
and Mamberamo w/o Event 22
Yapen F Z. 400x100x20
Events 32,38,39,49,50,52
West Highlands 700x50x25
Events 5-18
-174-28.1 -2.2 -8.2 -11.9 25.6 38.1
-9.3 -238 -5.6 -6.5 -11.5 -15.7 30.3
-16.2 -17.1 -2.2 -6.5 -10.2 22.7 28.5
-39.4 -100 -7.9 13.8 -93 25.6 38.1
-15.2 -25.0 -1.3 -9.5 -11 4 24.8 35.1
-4.3 -33. -0.3 -10. -8.5 6.1 34.
-2.2 -3.0 -0.83 1.3 -0.52 0.84 3.69
-3.9 0.02 -.98 3.1 -.03 0.84 3.69
-1.7 .24 -.95 1.1 .73 .55 1.91
14 30 -3.4 .22 -.95 2.6 .02 .81 3.23
7 0. 0.70 -2.6 .36 -1.0 -96 .33 292
16 0. -21.7 -9.0 -3.0 -2.4 -8.1 24.1 26.2
15 0. -136 -4.7 -6.5 -060 -7.7 142 17.8
6 0. 53 -11.9 0.9 -5.2 -1.1 -008 -13.1
13 0. 1.0 -2.0 .77 -1.2 -10 .23 2.65
56.7 41/8 296/62
460 44/13 297/51
38.3 39/9 284/70
56.7 41/8 296/62
51.0 43/8 296/64
5.70 30/11 300/1
5.70 30/11 300/1
3.45 25/22 128/38
5.14 28/12 297/0
3.13 56/10 322/19
29.9 23/7 268/75
19.2 23/16 248/68
14.1 57/2 327/6
3.63 62/11 327/25
-7.0 0.52 -22.7 31. 72. 9.
-3.8 0.32 -19.2 24. 79. 8.
-6.5 0.46 -13.8 23.
-15.9 0.65 -8.2 31.
-8.5 0.69 -28.1 39.
37.
-2.6 .063 -7.3 9.
-4.7 .063 .04
-2.0 .042 .58 5.
71. -12.
64. -14.
-4.1 .16 .53 8. 69. -13.
1.3 0.12 -9.8 11. 97. 11
-23.5 4.6 -19.4 57. 33. 9
-14.8 2.7 -10.2 39. 32. 4
10. -03 -45.0 50. 102. 12.
.87 .10 -3.5 5. 103. 16.
aNet scalar moment rate M 0I/r and time-averaged moment EM T x101 8 Nm
bTrend and plunge of principal axes for M, in degrees
CVelocty V (mm/a) and azimuth Az (') of estimated relative boundary velocity and azimuth of boundary normal N ('), determined using the approach of Ekstrdmn and
England [1989] and assuming the velocity vector is that closest to 72 0.
OOS
E 00
109
1330 E
143 0 E 145 0 E 147 0 E
Figure 2.
1410 E
190S
1490E
110
Comparison with CMT Moments
log Mew (Nm)
Comparison with CMT Mechanisms
1018
Body Wave
1019 1020
Moment w (Nm)
1021
Figure 3.
3.0
2.5
2.0
1.5
1.0
0.5
0.0
-0.5
-1.0
17.0
A)
0 0 0 0
0o0 0oo
0 0O0 0
000 0 0
0 0
t . I ste l I I I I ll #l I I s t iIll
1.0
0.8
0.6
0.4-
0.2
0.0
1017
B) 0 
_ 
___~ 
~ 
_ 
__~_
Mamberamo
0
25
50
75
100
Thrust Belt
112
Mechanism Orientations
90
80-
70 '
60 -
50 -
CS40
S30
20
10
C
00
0 20 40
Axis Plunge
Figure 5.
60 80
(deg)
20 40 60 80
P Plunge (deg)
P and T Axis Orientation
A)
1021
1020
1018
1017
B)
T --
I .---- i
I I I
I I I
I I I
I I I
I-
Strike-slip Thrust
Earthquakes Earthquakes
Strike-slip Thrust
Earthquakes Earthquakes
Figure 6.
113
A
B
Regionalization and Earthquakes for Moment Tensor Sums
137°E133"E 141*E
o0S
40S
"S
145"E 1490E
23 December
43/41/60/22/1
HK
K w-fAPAf
sJ
LHw
NI L.
DW *
AC
E
0 ..... 2 STF
S H
Tr
HG
Kw
SF
HW
CE
Hw
GI
SL MMA
CB
L00
AA
KA
T CWB
AWAUw ,.VMD -
UWVAor
Figure Al.
115
20. 1966123
UT DAw 
A-
28 May 1968
123/52/76/85/22348
N L L M I \% A N CAAcrA w NwA . Lp H P L
PK K8W W8 AC
12 June 197025. 158/35/124/36/104
SLMM CA WB
K T L WI E
AcC
RD
SH TG. R RF ,, WE ,
A *-, v E -VAP --
S..... 3 s STF
6 .... ' 7bs
AW
PE
MD
N
A)
g\-8, STF6 .... 6bs
AA
RB
TC
A
WBA
E 
w
L
CD I
HWB)
22.
A A
p.1
0.".
(IQ
NI
W-
L 
r
f-KH
B wWL
C FG H WI G A V-
PE0W"
MF ,
A" V '
DEPTH
25 6 ....... 5s STF6" " ..... 9'lOs
s STF
65 645s STF
65
0 ...... 3 s STF
A) STF
A)
COL Pw WEL Pw POO Pw
22. 28 May 1968
DEPTH
15
25 /
36
45
65
B)
Cs. Pw
1'4s STF
5,0s
174s STF
8s STF
7T4s STF
'1T4s STF
25.
WEL Pw
12 June 1970
Figure A3. 1 of 2
117
POO SHw
P00 Pw
Ap,
MAT SHw
1111
Ii
Mamberamo Thrust Belt Events
5 25 45 65
C) Depth (km)
Figure A3.
118
1.5aC0
c
CDwU)a)
.5
85
2 of 2
31 October 1970
26 1:66/82/325/2/2889
2:247/84/96/16/1507
12 Nov 197028. 139/31/92/20/390
HLA.Kw 7v
MKKC
MK
HW A KI
LH
E w-,A,,
SM MN
TG
A v
Ss STF
S...... 7bs
REI-V~
NJ
CA
0 w4AB
R v
RCA w-,mV J
RAf
CA
AB
WC
E mwc
MG . SF T E A RD
N 4A tg , l
0 1 ' s STF
6 ..... 6bs
HF
KEK C
KE ,-
0 \D ,,41-
LD A ' _ _EwA.. C
TC
A
MG
A
AA
F
WBE
B)
SF
L E
SEE
M
AA
AA
RB
IC
V VFJA'y
TA)
SL MM
H * Aw
SK Pi
SH
N
G
1970 Madang Earthquake Sequence
145 0 E 1460 E
.J160S
1470E
Figure A5.
120
40S
50S
1 44 0 E
121
P SH S.T.F.
A. 45s STF
B45s STF
C. e@OA rr5 s STF
D. @O0 4 f! i 5 s STF
RAR Pw RIV Pw KOD Pw SHK Pw WEL SHw
I'
~~jl7V~..43~j I
A)WfS
'I',''-
vvv
NArV\AV I-O\
31 October 1970
Figure A6.
26.
AA rY- A ^
~y'- SLY~~
29. 10 January 197185/33/56/44/4.0649E+20
ME
Aw
T -4 4,t
KW
P
RB
0rT
0-
AD
6 '
RA
A)
DEPTH
15 ...... 45s STF
25(3
6 4s STF
35 4
0 .... .."41 s STF
44 6 STF
55 4 s STF
Ss STF
B) 10 January 1971
123
38. 12 Sept 1979106/77/0/7/25842
MY-fr
A C
F w~%
T
0
70s
I '
SD '
w0V
I
0
VRAT0
RAR Pw MUN Pw
TG
RA C
SEO Pw CHTO SHd SHIO SHd
* %#M
Figure A8.
so A,
HN
AH
A)
STRIKE
90 -Ios STF
6 ........ 1 l'00s
106
. Os STF
130
6 T . s STFB)
K 0c
Iv,
s J CA
N
G ac
a X
0 Ul)
ml 
U ) Eo
U 
;wN w a
124
14 Sept 198246. 78/85 87/28/165
CA
L0WAIn
A L A .faA)
B H
AL Sij,N . -
oWVIz 0 V
cc
MBH wGMB a A'
N I
N AA
F
U
Figure A9.
0
...... 1'49 STF
' ... ..7 s
SE
12 Feb 1986 A
94/86/96/7/92
SHHW,.. d A
h t '-
53. 12 Feb 1986
93/90/66/24/24(Alt.)
SH MI
Hw Ad~BF
EC E
G
' s STF
6" .... bs
TQ S H
Ag Hw'
T K0
Mv
Ad
SJ4
0
0
LC 44
SNz0
.. S STF0 ..... 'ts
A
N A
TK
MC
mcNWM"., f-^
53.
B F
H
T TG
A
N 5
C0
L 0"
sg
N 
-k
z
0
54. 12 Feb 1986 B
75/76/83/12/40
AA 1 T
6 ...... 1'4s STF
6 ' ' ".7bs
SG
H v.V
09O
OI.".
54 12 Feb 1986
76/76/75/28/17
(Alt.)(ImIG
Ts 
STF
SBF 0 bsTG0 pi ~ACE SDF
SG
0
Ov
Ng
"JC -
'0
TB
4t ACAA
m A E
2  8s STF
S...... 7bs
K
C
8 Feb 1
80/74/14/1
HK SL
AFTDw H
STF
6*7s
Ad
T
CF
Hd A\
K 5 ~C
SENvv4
A)
T
C -T0
KF
0
57. 7 Feb 1987 58.
81/85/8/9/161
HI Hw7
cg
0
CC
S F
ID
987
1/5403
0
R D
vIW4 W
Ma'
0
B
0
0
TB
A w'
MJ
Ad -- 1 1 %
0
H A
0
B)
0
NH
m
9 Feb 1987
59. 238/55/352/20/90
HGK ML'
0
H w
CD
H~ilIG i.ii
25 Feb 198760. 12/89/168/23/91
T
A
T
0
0
SA
NbAInaJ
I.
4s STF
06 ...... 7bs
H H IA
K w I\
M5 Hd
I T
*o
C E
HW 1~
TI ABJA
Ad
Ar\
0
B F
0
AB
A0
0
NF
S''Bs STF
6 ..... " " s
C) D)
''
V sn
Lgfl-
19. 6 Nov 1963
S90/28/65/11/356 21.
BL HM
AW-AV K
8 Sept 1967
105/53/95/25/56
AH SI
LG
H
A
0
E
P?' 4s STF
6 , 'bs
NJ
G
SK AN
N W.f
5G DK~
L E
E w,
Eo Ao
so TQ*A
CA
Ew~~
D
. 6s STF
6 ' .. '6bs
AEN w
P tv
LD
AH
NCDw L
SD
Hw
CC ~ t-HW jf
CB
A B
D "
MA
u w1,
NfWt
C
SP
H 
- '% -
Kw
RCSD WA"
Aw
23. 8 Sept 1968116/45/61/13/345 24. 23 Oct 1968106/70/3/7/4380
K M AH N
L K
G -
AG
0 ' s sTF
6 '.'.'. 6bs
SF TE
A uvvv
CAWiVJ 'x~LX1 701u '-
WB
RC SD
I W4 W Bw
s W 
-14 
-0l
H NVYV
NNDw A
DW4\tkfr
0s STF
6 ' " T. bs
CA
K B
ACF . R A
R F WWEA
MJ A I TH SG
N NV~VEVV u _tg , A *vv
CH HI
PG SF0W <NWV
MD
AJ SK . ML
AA
F wqVV
Ac A
E
HH
MF
u~y~
AE U
DW w ,\_
K A
AB
RC
A , ,
TDR
cIQ
0
0-h
so
27. 8 November 1970S 312/82/127/12/1370 30. 7 Jan 1105/63/32/3/
HPK'
NM KN
CL K
G 4V"TE
UQ
CD~
PJ0
AQ
N W4LV
SR
C B
WD
E
REI v el * , l -
LH MG
M N t
'I: bs STF
6 ..... 6bs
MA
A C
F w
CF NG S, MJi?' .
HwAA l wia1 H.PJ AwRLC , '~T K T '1 w
K H .ILPE
B w 0
SD
NW a
KC
st 2 STF
6'' ' 6bs
RAI wj
AJ
p)
KB L
RC
R
WD P
EW
L
SK ML A
P H AA
KF RB
0ow
II
ME AD ANUWw 
U
972
132
SK MA
N J
DW
G
NG
MF RE'
w
T F
NoL -
28 Oct 197231. 264/85/246/3/301 32 4 Dec 197232. 155/42/122/8/111
KH SG BI
MD BW
N OA ''V' A C A
DiIh
6 .. .. bs STF6:)'.. . C 6os
HN SO
KW
C
KM CLB* w_ H*
SKBp
KJQW
EiW J
MMT MH
s STF
6 .... 6bs
MA CB
AG
MF
Aw 4 I4.T
A A
F w
A +1 V
ME AU w  D
N ' E
(r1
BEA w
GL
SD
Nw G,
.vM
MA
AW '
T
SJ
HIK
HC
C Ht
S G Al
MB
NvA
33.
HN AO
K w~ .- - N' 
-
KL
6 Dec 1972
111/32/85/34/100
6. . '4s STF
6 .. . . ... 7bs
SP MQ~O
H 4 4A
NM
CK .A pi
NW A& AA
MG I
A A
AFwSE D A
CA 4
0 AfrA-
L4A
34. 31 March 1974
S 156/40/95/21/41
HL A
K w
C
CHW
LDMA tkAV.
AM .a SNk
~w4~j MoA w 4^
C A()wAf\]
MC
uW 4 W
B
g' 4s STF
CG
HH
G
SF
G ,D
L.E
MI
AW~~0A
HF
K
AG
p1A Kfh
RA
TB
MD AC
,,
-t
t>
MI
A w{
RA
KC MB
D N
14 July 197535. 124/51/235/14/32 36. 23 August 197569/38/11/48/81
NM S
HFA SGA
H
CD
6 . 5 s STF
6' '....6bs
MA
Aw4
T
Ho
KWV
MA
AW IAfJIA
/ WD
RE
RE
S\ 8s STF
6 ' . '6bs
MA
CD
S c
NW
G
MAAG A w 'Nw  T
MD GA/INA, CB ) RB
N A w.V, %
I1.
6 Jan 1977
87/83/1/5/1272
13 Sept 197939. 156/31/115/13/97
ML
D H A)
MGG
UWI
0 . B .d STF
CA
A B
R D
W
0 '1 2$ s STF6 ..... 6bs
AH I
OG N wA ,"J A,
SF Pj
G H
K E'
o. D B
37.
KL
BWAAL
crI
01-h
MA
CB
AC[ w~A
AA ,
Fv
I
w _
RC !
Vw
MA
AW "'ATwVV
RB
AC
DWE V4YV-
HM
MDNMF
U A,
AN
40. 25 June 1980
132/71/94/24/15
41. 26 Sept 1980105/52/23/19/615
MT MT&
T i\W~ Jyv
BC
0 ' 4' s STF
A . .. b
fr
0
MK Ng
6 - 7r ' rbs
CA
KB
WEA
E w
Al SH TG
D w-,\/z B w_4\/ AW-rk4V
. MFA \
[A /
A
Ng _
A0
A
HT
0•
HM
NLD''N,
SO
HWAs o M Pi .
K 4-
MPAd
J -0
CK KJ-
H w,G V'  D "V,
L
TE
Aw~yNg
RC
0
R
A CA
F
A
S F
N dZ
0
MH ,"
'' I
42. 30 March 1981150/46/64/12/88
CA
L
IB
wV,
AC
43 17 Oct 198143. 0/72/129/16/139
I MN M
s0
BW
N A A
fvABAW -
uM . V. ^ E
' 1s STF
..... 6bs
6 'as STF
6 7.. bs
SH mI
H w4,-A w_~V
RA
SI
HW
MJA
T Ad
N G
A
F
I
s
N
z
0
ME RC 
N A
NH
DW
00O-
HG ,
* WA 'I
RB
44. 6 Nov 1981
359/84/164/5/651
So M a
HO
K wC)VA
CLH w
G
45. 27 Dec 198145 263/87/351/9/92
SG MH
HF
KW4L& K 1p~VT~~1vTCC
CA
AB
WC
L
's "
S F RE
AH
D -.
P D
o
0
SCA
N w~
AB
D
'''8's STF
6 ..... 6bs
si A MK
TI
A
T
0
HH
C
MF N5~
UrW W.14IN wVAV A~'
0
J
Aij'~
A
F '-I
~IY\ +
HF
CE
G
scD
GWV~R C
I
SG MH
H A
A A A
MB
0
MJ
STF
25 January 198347. 135/20/104/30/6
AK SL m
Nw H w A w4 Ip 4tK + T M\
48. 11 March 1983S 76/60/32/46/24
S FA CE
H j
BG
O '
SJ A
H wtL *"C H
Hw
G A
NI
DW~
PG
0W~~
SF LA KEN w  o
G D
. 1 s STF
6' " ' 6bs
S E CF
G G1
NU
G T
AA
ori"z
Col1 0
(1
C-
C--.
RA
AB -
DW
E ~I
W~ AIIA
A 4v~v~
AM4\
SH
H w\Jk
4 STF
6" ." .." bs
MIT
29 May 1984 A
62/42/94/10/34 29 May 1984 B50. 87/53/93/15/19
T _A/ S E
A H vT GL
HF , ND
c I
SB
NW
TI
Ad
U 
*
A
CI
Ody
NJ
0
SB
. . 8s STF
5T...6bs
6 .... 5.s STF
6 ..... 6bs
T s
0 V
A
0
A R A
I W
vA~~
NF
Wd
0
A
T
0
HF
KW4
Kc f/
"T10. *
CD
S D
S B
NF
AI
M5
R A
-k
49.
17 Jan 1985
51. 67/53/359/29/121 52. 17 Nov 1985S 358/86/203/8/7782
T
0
HJ NI
C ~H % 1 AAT b0
PG
00w4ev
S F
N o000
LE M D
Mto
AB
D
w ,
E
6 . 8s STF
6 ... 61s
HI
K w~\
ID
64' 3 s STF
6 ..... 7bs
IA
DwTNH
MK M
T
L..A ,
0
SF A0
MEJ
-V , ACDWE
lT1
0-i(I)
LjA
T0 i
AW
U TB
A w
ML
M
A
01 -*-41
cg0
L
Hc
M
55. 24 March 1986
111/54/2/11/683
AM9AA
IA
F G
I'
Ngv~.L
1'6s STF
6 ..... 7bs
56. 20 April 1986126/34/54/12/1325
0E
CA
ob4
N
T
0I
N'AA
0
*. - s STF
0 ... ' ' ' bs
H'
A~~
0 ~CHT
A
01
-t
HI
0N
sg
Ng
z
0
Ht
0
N
T
A
u
T gjo
27 June 198761. 129/48/19/11/365 25 Oct 198762. 337/33/62/5/2022
ME
A~I.I
0.vv
FA8
6 +DEso1.
l s STF
- 6 ..... '70s0
Jd'
C§
0
L
Hg0
N
SE
N
6
ai s STF
0 ...... 7bs
ml
A
i
0
H
0
N
Ag
F 9-IkI
S5
N
6
A
W0
1'
0
HvI
0I
T
A
T
0
M
T9
MF
v
Ngi
w
A0
144
CHAPTER 3
Regional Gravity Anomalies, Depth of the Foreland Basin and Isostatic
Compensation of the New Guinea Highlands'
INTRODUCTION
The New Guinea Highlands are an active mountain belt advancing southward over the Australian
craton in response to the collision of one or more island arcs with the northern edge of the continent [e.g.,
Dewey and Bird, 1970; Jaques and Robinson, 1978]. As in many other collisional orogens, a foreland basin
has developed in front of the mountains during collision. Foreland flexures and gravity fields have been
successfully explained elsewhere as a response of a broken elastic plate to the weight of the overlying
mountains [e.g., Lyon-Caen and Molnar, 1983; 1985; Karner and Watts, 1983; Royden and Kamer, 1984]. If
the elastic bending occurs, then the presence of a foreland basin indicates that the topography of the
mountains is supported to some extent by the strength of a plate beneath both the basin and the
mountains. The shape and size of the basin and gravity anomalies over the basin and mountains can
provide information on the strength of the plate and on the extent to which the topography is supported by
elastic forces. These measurements are also sensitive to the distribution of other forces and mass
anomalies that compensate the topography, and can provide constraints on other mechanisms of
compensation of both the foreland basin and the mountains.
In many cases, the load of the topography by itself is insufficient to explain both the shape of the
foredeep and the gravity anomalies, and additional processes must be invoked. For example, in the
Apennines and Carpathians 1-2 km high topography sits adjacent to basins that reach 8-9 km depths, and
an additional load at least equal to the weight of the topography is required to depress the plate sufficiently
[Royden and Karner, 1984]. By contrast, topography in the Himalaya is greater than can be explained by
the observed flexure of the underlying Indian plate, and an additional force or moment is necessary to
support the mountains [Lyon-Caen and Moblar, 1983; 1985]. Over 5 km topographic heights are found
1submitted, G. A. Abers and H. Lyon-Caen, to Tectonics, 11 October 1989.
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throughout the Himalaya while the adjacent Ganga basin contains 3-4 km of molasse sediments. In
eastern New Guinea the molasse basin is very shallow, only 100-300 m deep [e.g. APC, 1961] despite
average topographic elevations of 2-3 km in the Highlands (Figure 1). The disproportionately shallow
foredeep suggests that very little of the topographic load may be producing the plate deflection in the
basin, and elastic plate bending might not be supporting much of the topography.
In order to constrain the mechanism of support of the Highlands, we use foredeep thicknesses from
bore holes in the foreland and Bouguer gravity measurements in both the foreland and Highlands to
constrain the shape of the deflected plate. All point gravity observations are in the eastern half of the
thrust belt (Papua New Guinea), as little data have been published for the western half (Irian Jaya,
Indonesia). Bouguer gravity values over the western basin from one published contour map [Visser and
Hermes, 1962] are used to provide some constraints on the deflection of the Irian Jaya foredeep. The
observations are compared with deflections and gravity anomalies calculated for loading of a thin elastic
plate, using the approach developed by Lyon-Caen and Molnar [1983]. The results show that the plate
beneath the foreland is fairly strong (flexural rigidities of 1024 or 1025 Nm), but that it rapidly becomes very
weak beneath the mountains 20-60 km north of the range front, and in eastern New Guinea most of the
topography appears locally compensated. Hence, the strength of the Australian plate appears to
contribute little to the mechanical support of the eastern Highlands but may support a substantial part of
the Highlands in central New Guinea.
GEOLOGICAL SEITING
Surface geology of the New Guinea Highlands suggests that deformation is predominantly thin-
skinned in the southern half of the mountains and involves Mesozoic to mid-Tertiary age sediments from
the passive northern margin of Australia [e.g. Jenkins, 1974; Findlay, 1974; Hobson, 1986]. The hinge line
of the former continental margin now lies within the thrust belt, and the passive margin sequence thickens
from 3-5 km in the foreland to 10 km just south of the basement-involved Kubor Uplift [e.g., Findlay,
1974]. Thin-skinned folding and thrusting is well developed in eastern New Guinea where a 100 km wide
belt consists of imbricated thrust sheets containing only passive margin sediments, primarily Tertiary
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carbonates in the south and Mesozoic marine sediments in the north [e.g., Hobson, 1986]. There are some
indications that thin-skinned thrusting does not account for all of the deformation in the Highlands, as
basement-involved faults are found within [e.g., Hill, 1989a; Davies, 1983], south of [Anfiloff and Flavelle,
1982; Silver and Smith, 1983], and perhaps below [Chapter 1: Abers and McCaffrey, 1988] the thin-skinned
thrust belt.
During the southward advance of the mountains, a foreland basin formed in southern New Guinea
[e.g. Dow, 1977] containing latest Miocene to Quaternary clastic rocks shed from the Highlands.
Synorogenic sediments are thickest near the thrust front and increase in maximum thickness along strike
from east to west, from 200-300 m in the east to 1 km in central New Guinea [APC, 1961; Robertson
Research et al., 1984] and to at least 5 km in western New Guinea [Visser and Hermes, 1962].
Shortening across the southern, thin-skinned part of the Highlands has been estimated from balanced
cross-sections to vary from 35 km in central New Guinea to 75 km in the east [Hobson, 1986]. These
values are in general agreement with shortening estimates of 43-87 km based on the total volume of crustal
thickening assuming local compensation of the topography [Chapter 1]. Shortening estimates are greatest
in eastern New Guinea near 143-144* E and smallest in the center of the island.
In the northern Highlands deformation is more penetrative and involves deeper structural levels,
Cenozoic volcanic terranes, and ophiolite sequences along the northern flanks of the mountains [e.g. Dow,
1977; Hamilton, 1979; Rogerson et al., 1988]. The Highlands are separated from accreted island arc
terranes along the north coast by a series of low-lying Neogene basins. Much of the eastern part of the
Highlands (142* - 145* E) is covered by a group of calc-alkaline Quaternary volcanos of basaltic to
andesitic composition [Mackenzie, 1976; Mackenzie and Chappell, 1972] that overlie thrust faults and may
be involved in the folding [Bain and Mackenzie, 1974; Williams et al., 1972]. The volcanos are not
associated with any deep seismicity [Johnson and Jaques, 1980; Chapter 4: Abers and Roecker, 1989]. The
origin of the volcanos and their relationship to the growth of the mountains remains enigmatic, but the
correlation along strike of Quaternary volcanism with the unusually thin parts of the molasse basin
suggests that some connection exists.
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METHOD
The north end of a thin elastic plate underlying the foreland basin and continent to the south is
assumed to support the mass of the observed topography of the mountains [e.g. Lyon-Caen and Molnar,
1983; Kamer and Watts, 1983]. The formulation of Lyon-Caen and Molnar [1983; 1985] is used and is
discussed extensively in their papers. The deflection is determined by solving the two dimensional
equation for bending of a thin elastic plate on an inviscid asthenosphere, overlain by sediments in the
foreland, loaded by the weight of the topography, and in some cases loaded by a force and a bending
moment applied to the plate end beneath the mountains. The plate is assumed to have a constant flexural
rigidity (D) and to extend infinitely far south of the mountains and north to a distance X0 from the thrust
front. (Horizontal distance, X, is defined to be zero at the thrust front, positive south towards Australia,
and negative beneath the mountains.) The topography between X = 0 and X = X0 (X0o<0) is the only
load on the plate, although in several tests not shown here an additional force and moment were applied to
the plate end at X0 .
Calculated deflections for both the bottom of the molasse basin and the crust-mantle boundary (for X
> X0 ) are assumed to parallel the elastic plate deflection. The gravity anomaly is calculated from these
flexures for assumed density contrasts across the crust-mantle and sediment-basement boundaries.
Because it is likely that the mountains are compensated north of the plate end, local Airy compensation
was assumed for X < X0 . The reference Moho depth corresponding to zero deflection and isostatic
equilibrium is fixed at 30 kin, as determined by refraction data and shear wave propagation studies in the
foreland basin and Arafura Sea [Brooks, 1969; Finlayson, 1968; Jacobsen et al., 1980] where gravity
anomalies are approximately consistent with isostatic compensation [BMR, 1979].
Because the foreland basin sediments conformably overlie shallow-water carbonates [e.g. APC, 1961;
Visser and Hermes, 1962], it was assumed that the depth to the base of the foredeep was initially zero
before any loading took place. This assumption may not be completely correct, because the presence of 50
m water depths in the Arafura Sea indicate that the top of the undeflected Australian margin may have
been below sea level. If water depths were originally 50 m over the continental margin, and the water was
replaced with sediments with densities of 2000-2500 kg/m 3, then isostatic compensation indicates that
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sediment thicknesses of 90-140 m may exist without any plate bending taking place. The effect of a 90-140
m initial plate depth on the calculated gravity is small because the plate is assumed to be isostatically
compensated, but it may explain a possible base level offset between calculated deflections and observed
molasse thicknesses.
Densities were assumed to be 2800 kg/m 3 for crust, 3350 kg/m 3 for the mantle, 2700 kg/m 3 for the
topographic load, and 2300 kg/m 3 for the molasse sediments. Measured densities for Neogene clastic
sediments are 2000-2300 kg/m 3 at depths of 300-1500 m, and 1600-2200 kg/m 3 at shallower depths [St.
John 1967], although these measurements are based on a small number of sites. Lyon-Caen and Molnar
[1983] showed that calculated gravity anomalies were relatively insensitive to reasonable variations in
assumed densities but corresponding deflection changes could be significant. Tests with the New Guinea
data indicated that calculated gravity varied 5-10 mgals while deflections changed 10-15% for 250 kg/m
3
changes in sediment density, or by 20-30% if the mantle density changed by 150 kg/m 3 .
DATA
Topographic maps, field measurements of gravity, and sediment thicknesses in bore holes in the
foreland basin form the primary data set for this study. Five minute averages of topographic heights were
visually estimated from recent (1980-1982) 1:250,000 and 1:500,000 maps based on nearly complete aerial
photography collected by the Australian government. Gravity measurements in Papua New Guinea south
of 5° S latitude are from a compilation of points for the Papuan Basin [Robertson Research et al., 1984].
These points were supplemented by values compiled by the Australian Bureau of Mineral Resources,
which we readjusted to be compatible with the datum, reference field, and scale calibration used in the
Robertson Research compilation.
The gravity and deflection observations were projected onto two great circle profiles (Figures 2, 3),
one in the eastern thrust belt where the mountains are widest (Line 1), and one in westernmost Papua
New Guinea where the ranges are narrow (Line 2). Topography and gravity point values within 40 km of
the two lines were projected onto the lines and averaged at 10 km intervals. Basin depths were projected
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from 75 km away from Line 2 in order to include the bore holes 100-150 km southwest of the thrust front
(Figure 2).
Terrain corrections for some points in the mountains were added from original published survey
reports of St. John [1967] and Zadoroznyj and Coutts [1973] where they were absent from the compiled
data. The terrain corrected points are displayed separately on Figures 3-7. In the Highlands 88% of the
terrain corrections were less than 20 mgals and 50% were less than 6 mgals, while at lower elevations the
corrections were generally less than 5 mgals. A major source of error in the Bouguer gravity values is in
elevation, which is determined barometrically for helicopter surveys in the Highlands and can be off by at
least 25 m (>5 mgal gravity errors) [Milsom, 1976], but errors are insignificant in the foreland where
elevations rarely vary by more than 25 m. For some helicopter surveys horizontal positions were in error
by as much as 8 km [Milsom, 1976]. From these considerations, uncertainties in the gravity data are
estimated to be 20 mgals for isolated points in the Highlands, 5-10 mgals for terrain corrected points in the
Highlands, and less than 5 mgals for most points in the Papuan Basin. The error bars shown on Figures 4-
7 merely reflect the scatter due to variation in each 10 km interval and do not represent these estimated
data uncertainties. A long wavelength field was subtracted (GEM 9 to degree 10 [Lerch et al. 1979]) which
resulted in a systematic decrease of approximately 25 mgals for all gravity measurements.
The eastern line was chosen to include a series of gravity measurements without major gaps crossing
the Highlands (Figure 2), 377 terrain corrected and 4179 uncorrected points. The western line of 15
terrain corrected and 885 uncorrected measurements was chosen so as to avoid the Muller uplift,
corresponding to a + 50 mgal local high just north of the thrust front near 1420 E, that probably is due to
several km of uplifted basement [Davies and Norvick, 1974; Hill, 1989a]. Gravity on both lines show a low
centered over the Highlands, with a fairly sharp gradient along the southern flank of Line 1 and a more
gradual gradient extending well into the foreland for Line 2 (Figure 3). A local Bouguer high is observed
over the northern side of the mountains along both lines and a large low is observed over the northern
basins, as is observed elsewhere along strike [BMR, 1979]. Most features in the gravity field in northern
New Guinea probably are not due to isostatic loading of the north end of the Australian plate but to other
structures produced by arc-continent collision and related subduction.
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In western New Guinea (Irian Jaya) Bouguer gravity values were taken from a contour map [Visser
and Hermes, 1962] along two profiles (Figure 8). These values were processed in the same manner as the
points in Papua New Guinea. Because the original point values are not available it is difficult to assess the
accuracy of these data, but all the points come from the flat foreland basin so terrain effects should be
insignificant. Little is known about the quality of these data and no measurements are published north of
the thrust front, hence our efforts have concentrated on Papua New Guinea.
Foredeep deflections were assumed to be the depths to the top of the Miocene carbonate sequence
(Darai or New Guinea Limestones) reported from bore hole logs [APC, 1961; Robertson Research et al.,
1984; Visser and Hermes 1962]. Besides these depths, observed deflections at the thrust front were
obtained from contour maps of depths to seismic reflectors in Papua New Guinea [Robertson Research et
al., 1984] and from measured sections of uplifted Neogene clastic sediments in the foothills of Irian Jaya
[Visser and Hermes, 1962]. Finally, in eastern New Guinea Miocene carbonates reach the surface on the
south edge of the basin [D'Addario et al., 1976] providing a data point where the basin depth reaches zero.
In at least one place near the thrust front in central New Guinea buried minor folds and faults have been
observed beneath the clastic sediments [Davies and Norvick, 1974], so that the molasse depths here may
not exactly represent plate deflection, but the Neogene foreland sediments appear flat lying near the two
profiles we examined [e.g., APC, 1961].
RESULTS
Broken plate supporting the entire mountain belt. Because fragments of Australian basement are found
throughout the northern part of the Highlands and because it is often inferred that deformation is thin-
skinned [e.g. Rogerson et al., 1987; 1988; Hobson, 1986; Jenkins, 1974], we test the hypothesis that an intact
Australian plate underlies the entire mountain range as a rigid elastic plate. Calculations were done with
X0 = -300 km for Line 1 and X0 = -200 km for Line 2, corresponding approximately to the middle of the
northern basins. For Line 1 the calculations show that if the plate has any substantial strength (D > 1022
Nm) the predicted deflection is several times that of the observed foreland basin and the observed gravity
is much too high over the basin (Figure 4). In fact, local compensation (Airy mechanism, D = 0) explains
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the observed gravity better than any elastic plate supporting the entire range. No combination of moments
and forces on the end of a strong plate could be found that produced the abrupt transition observed
between the near flat gravity gradient over the foreland and the relatively steep (1.5-2 mgal/km) gradient
from X = -40 km to X = -110 km (Figure 4). Forces or bending moments applied on the end of a weak
plate at X0 = -300 km had little effect on the plate shape more than a few tens of km from the plate end,
while those applied on the end of a strong plate could not produce an abrupt change between flat and
steeply dipping plate near X = -40 km. The calculations shown in Figure 4 show that the strength of the
lithosphere contributes very little to the support of the Highlands here. Either the Australian plate is very
weak everywhere and cannot support the load or it extends only part way beneath the Highlands before
becoming weak or broken; in either case the plate is very weak beneath the Highlands. The sediment
thicknesses suggest a long wavelength flexure, thickening from zero at X = + 187 km to around 200 m at
the thrust front, but because these variations are so small it is difficult to be sure that they do not represent
pre-existing topography.
In contrast, Line 2 shows a much deeper basin nearly 400 km wide that can be explained by regional
support of the entire mountain range (Figure 5). Computed deflections are somewhat larger than the
observed 1100 m sediment thickness at the thrust front, 2000-1500 m for rigidities from 1023-1025 Nm,
suggesting a slightly smaller load than the weight of the entire mountains. The 350 km width of the basin
here and the gentle slope of the bottom of the molasse near the thrust front (0.2*-0.3*) are inconsistent
with a weak plate and require flexural rigidities greater than 1024 Nm (Figure 5). Weaker plates produce a
basin that is 150 km wide or less. These high flexural rigidities suggest that the Australian lithosphere here
is strong, and that the apparent weak behavior of the plate along Line 1 is due to either a drastic reduction
in the strength of the undeformed Australian lithosphere from west to east or to rapid weakening
northward beneath the thrust belt. Hence, a strong elastic plate may be supporting the topography of
central New Guinea even though such a mechanism does not account for compensation of the eastern
Highlands.
Plate supporting part of the mountain belt. If the inference of a strong Australian plate for central New
Guinea can be extended to the eastern part of the foreland, then the plate must lose its strength a short
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distance beneath the foothills to explain both the 100-300 m deflection of the foredeep and the 1.5-2.0
mgal/km gravity gradient 50 km to the north. One possibility is that the mechanically intact elastic plate
extends only a short distance beneath the Highlands and abruptly ends. In this case only the southern part
of the mountains would act as a load on the plate. This possibility is tested by assuming that a strong
elastic plate (D = 1025 Nm) ends abruptly at X0 = -40, -60, or -80 km beneath the mountains (Figure 6).
All of these calculations agree with the observed gravity for X > -125 kin, and between X = -75 km and
the thrust front they match the observed gravity better than purely local compensation. However, the
calculated deflections are too large for X0 = -60 or -80 km, reaching 450 and 770 m, respectively, at the
thrust front. Similar experiments were tried for D = 1024 Nm and showed that even less of a load was
necessary to create the observed foredeep, equivalent to the plate ending 20 km from the thrust front
instead of 40 km. Attempts to extend the plate farther beneath the mountains assuming a much weaker
plate for X < -40 km also produced too much deflection in the foredeep, unless the plate was so weak (D
< 1019 Nm) that its shape was indistinguishably different from that of an Airy root. Thus, only a very small
fraction of the mass of the mountains is loading the Australian plate, equivalent to the southern 20-60 km
of topography.
Similar tests for Line 2 showed that the deflections and the gravity beneath the southern part of the
mountains (X > -90 km) could be explained by a plate with D = 1024 - 1025 Nm extending 60-70 km
beneath the mountains (Figure 7). It is difficult to be sure that the gravity over the mountains is entirely
due to plate flexure, because large (>_ 50 mgal) variations just west of this line suggest that some of the
anomaly may be due to crustal sources. Still, a weakened plate beneath the highest topography (Figure 7)
appears to be more consistent with the gravity data between X = -50 km and -150 km than does a
continuous strong plate (Figure 5).
Support of the Highlands in Irian Jaya. Most original information on gravity observations west of
141" E are not available, and we are forced to rely on interpreting contours of a Bouguer gravity map
[Visser and Hermes, 1962]. These gravity values are published only for the basin south of the thrust front
and hence can not be used to constrain the shape of the plate beneath the Highlands; nevertheless,
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together with observed sediment thicknesses they provide some information on the mechanical behavior of
the Australian plate here (Figure 8).
Both at 137*E and at 139*E simple Airy isostasy cannot explain the Bouguer gravity low observed
over the basins, and elastic plates supporting the entire mountain range can match both the observed
gravity and sediment thicknesses at the thrust front. Although the western profile is short, the gravity
gradient is clearly much steeper at 1370E than at 139*E and requires a flexural rigidity 10-100 times
smaller. Unlike eastern New Guinea, substantial (3-5 km) thicknesses of molasse are present in the
foredeep (Figure 8A), comparable to the maximum molasse thicknesses of 2.9-5.0 km calculated for elastic
plates with D = 1022-1024 Nm supporting the entire mountain range (Figure 8B, C). No additional forces
or bending moments are needed to explain the observations, although because the data is limited they
cannot be ruled out. These observations indicate that topography in the western Highlands may be
entirely supported by the strength of the underlying Australian plate, and that the weak behavior of the
lithosphere observed along Line 1 is confined to eastern New Guinea.
DISCUSSION
Elastic plate bending and compensation of the southern Highlands. Elastic plate calculations show that
in the foredeep the Australian plate has rigidities of 1024 - 1025 Nm in central New Guinea but is very weak
beneath the thrust belt in eastern and perhaps central New Guinea. The values for the foredeep are
consistent with an estimate of 2.1x1025 Nm from coherence of gravity and topography in north Australia
[Zuber et al., 1989]. The strong part of the plate extends no more than 20-60 km north from the thrust
front before becoming weak, putting the plate end 100 km south of the highest parts of the ranges in
eastern New Guinea. The rapid weakening is necessary to explain the very sharp plate bend required by
the gravity data just north of the thrust front. To explain these observations by a large change in the
inherent strength of the Australian lithosphere from west to east, having nothing to do with mountain
building, would require a decrease of at least 3-5 orders of magnitude in flexural rigidity (1024 - 1025 Nm to
1020 - 1021 Nm) yet there are no obvious large structural boundaries between 141* E and 143 *E beneath
the foreland [e.g. APC, 1961; Laws, 1971] that would indicate that such a change takes place. It is more
likely that the plate is becoming weaker as it thrusts under the Highlands, either through mechanical or
thermal processes, perhaps related to Quaternary volcanism. Smaller weakening of 1-2 orders of
magnitude in D is apparent beneath the foredeep for the profile at 137*E, showing that variations in
apparent flexural rigidity exist beneath the foreland similar in size to those observed in the Himalaya and
Ganga basin [Lyon-Caen and Molnar, 1985].
The close correlation between the location of the unusually shallow foredeep and the region of
volcanism suggests a connection between the volcanism and plate weakening. It is unclear whether the
plate is weak because of heating due to igneous intrusion, or whether the intrusion reaches the surface
because the plate is very weak. The oldest volcanism is dated at 1.1 + 0.4 Ma [Mackenzie, 1976]. Although
the widespread distribution of volcanism indicates that heating is penetrative and hence may heat the
lithosphere quickly, without knowing something about the extent of intrusion at depth it is difficult to know
whether or not heating due to volcanism has been sufficient to substantially reheat the lithosphere. The
presence of earthquakes at midcrustal depths as far south as thin skinned thrusting [Chapter 1] provides
evidence for mechanical deformation of the crust, which also could be an important contributor to the
apparent weakness of the elastic plate.
Thus, we can explain the very shallow foreland basin in eastern New Guinea as a result of extensive
plate weakening beneath the eastern Highlands, probably caused by some combination of heating due to
volcanism and to thick-skinned faulting at mid-crustal depths. Heating directly weakens the plate by
enhancing ductile deformation mechanisms and perhaps more substantially by weakening the lower crust,
mechanically decoupling the upper and lower parts of the lithosphere [e.g., Lyon-Caen and Molnar, 1985].
The extensive weakening seen on Line 1 is not observed in central New Guinea where the underlying plate
is strong and supports a substantial part of the load of the mountains, nor is it observed in many other
mountain ranges elsewhere with foreland basins several km deep. Unlike many other mountain ranges
where topographic loads are insufficient to explain the observed plate deflection [e.g., Karner and Watts,
1983; Royden and Karner, 1984], the topographic load of the Highlands is adequate to produce the
observed deflections in central and perhaps western New Guinea and no additional loads are necessary.
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However, in the eastern Highlands the deflection of the foredeep has very little relation to compensation
of the mountains, and elastic plate bending does not explain the support of the mountains here.
Excess mass beneath the northeastern Highlands. Along Line 1 none of the calculated anomalies that
match gravity for X > -100 km give the correct peak value for the minimum anomaly over the Highlands.
Local compensation overestimates the amplitude of the low by about 50 mgals (Figure 4) from X = -125
km to -225 kin, as do models with plate ends near the thrust front (Figure 6). Plates with D = 1022 - 1023
Nm that support the whole range (Figure 4) match the minimum, but produce much larger deflections in
the foreland than are observed. A base level shift of + 10 mgals is consistent with slightly positive
anomalies in the foreland but would still leave a +40 mgal residual over the northern Highlands. Because
plate flexure does not support the eastern Highlands, either the Moho is elevated and the plate is
supported by mechanisms other than local compensation and deflection of the foreland, or the positive
residual anomaly is unrelated to compensation and deflections of the Moho. Mechanisms for elevating the
Moho that rely on local compensation, such as heating of the lithosphere, decrease lithospheric densities in
direct proportion to the Moho elevation and do not produce a long wavelength change to the Bouguer
gravity anomaly.
Some possible mechanisms for explaining the +50 mgal residual are high-density mass anomalies in
the crust, support by an elastic plate from the north, a high density subducted slab, or dynamic support
from below. Tests indicate that all of these mechanisms could explain the observed gravity field and that
gravity data alone cannot distinguish between them, but there are difficulties with the mechanisms that
require support within the crust. An uncompensated high-density crustal mass would have to be several
km thick from X = -125 km to -225 km with reasonably high density contrasts (300-500 kg/m 3) to explain
the observed residual, but the conclusion that the plate is weak indicates that such a large uncompensated
load could not be mechanically supported. A stiff plate underthrusting from the north could support the
Highlands sufficiently to account for the 50 mgal residual, but there is no geological evidence for
significant north-vergent thrusting that would indicate such a structure exists. A high density slab
associated with observed intermediate depth seismicity near the northern basins (Figure 6, inset), 150 km
long and 75 km wide with a density contrast of 50 kg/m 3, is sufficient to explain the width and the
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amplitude of the residual (Figure 6, dotted line). The presence of a slab creates a very large residual over
the northern basins (-150 mgals instead of -75 mgals without the slab), and it is unclear how a sinking slab
would be coupled to surface deformation. Some form of upwelling from below is another possibility. The
presence of a thermal anomaly is indicated by both the rapid decrease in flexural rigidity and extensive
Quaternary volcanism, and could be explained by a number of mechanisms (for example, flow related to
subduction to the north, or detachment of an unstable lithospheric root beneath the rapidly thickening
mountain belt [e.g., Houseman et al., 1981]). There is no direct evidence that such an upwelling exists, and
certainly other explanations for the observations cannot be ruled out.
Evidence for basement thickening in the eastern Highlands. The results above constrain the shape of the
crust-mantle boundary beneath the eastern Highlands to approximate an Airy root, and thus directly
constrain the thickening of the crust associated with the high topography. Because the thin-skinned
hypothesis predicts that all substantial deformation is detached above a subhorizontal fault in the
sediments for X < -140 km (the southern edge of the Kubor basement uplift), the hypothesis can be tested
by comparing observed thickening of the sediments with the crustal thickening required by the gravity data.
Average elevations in the eastern Highlands of 2.6 km (Figure 3), together with an assumed crust-mantle
density contrast of 550 kg/m 3, require a 15 km increase in crustal thickness to support the topography.
Direct estimates of sedimentary thickening are poorly constrained in the interior parts of the
mountains, but suggest that the sediments cannot account for the entire 15 km of crustal thickening and
that significant thickening must occur in the basement. Findlay [1974] reports stratigraphic thicknesses for
pre-orogenic sediments of 5 km in the foreland and 10 km in the central part of the ranges. Hobson [1986]
shows 8-13 km basement depths south of the Kubor uplift on his balanced cross-sections. If the balanced
cross-sections and stratigraphic thicknesses are correct then the sedimentary section has thickened less
than 3 km, and may have decreased in thickness after erosion is taken into account (i.e. erosional thinning
may have been greater than structural thickening). In order for basement depths to have increased by only
3 km while the crustal thickness has increased by 15 km, the crust below the sediments must have
thickened by 12 km. A somewhat different reconstruction by Hill [1989b] shows only 5 km of sediments
originally on the basement beneath what is now the thickest part of the thin-skinned belt south of the
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Kubor uplift, and indicates that 8-10 km of crustal thickening may be accounted for in the sediments.
Because little direct evidence of sedimentary thicknesses and basement depths has been published it is
difficult to evaluate the different thickening estimates, but 5-15 km of basement thickening seems to be
required. One mechanism for such thickening is movement on high-angle basement faults at midcrustal
depths, which have been identified from analysis of earthquake waveforms [Chapter 1]. Magmatic
intrusion related to volcanism is another possible source of crustal thickening, although the agreement of
shortening estimates between balanced cross-sections [Hobson, 1986] and crustal thickening estimates
[Chapter 1] suggests that most crustal thickening is a result of convergence and horizontal shortening.
CONCLUSIONS
The long wavelength of the molasse basin in New Guinea requires a stiff underlying plate, with
flexural rigidities of 1024 - 1025 Nm. At least in eastern New Guinea, the foreland basin is several times too
shallow to be explained by loading of the entire Highlands on the end of an elastic plate, and no more than
the southernmost 20-60 km of topography can be loading the plate. Gravity and deflection observations in
central New Guinea are consistent with the southern 60-70 km of the topography acting as a load. Hence,
in eastern New Guinea the plate weakens considerably beneath the mountains and the topography is
locally compensated beneath much of the thrust belt. Widespread Quaternary volcanism is found where
the plate appears weakest and might be symptomatic of weakening, as may be earthquakes at midcrustal
depths. A 50 mgal positive residual exists over the northern 100 km of the Highlands and may be caused
by high density subducted slabs or by some other form of support for the mountains, perhaps dynamic
support. The difference between observed thickening of the sedimentary section and crustal thickness
indicated by the gravity data suggests that the thin-skinned model is insufficient to explain the topography
and crustal thickness of the mountains, and that 5-15 of basement thickening are required.
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FIGURE CAPTIONS
Fig. 1. Map of New Guinea showing regional structures, tectonic provinces, geographical names,
topography, and direction of Pacific-Australia plate convergence. Structures are from Hamilton [1979],
Dow et al. [1986], and Doutch [1981]. Pacific-Australia plate-convergence vectors [Minster and Jordan,
1978] are shown as arrows, with arrowheads at the location the vectors were calculated and arrow length
proportional to velocity (labelled for arrow at 140*E). Ten-minute topographic averages are contoured
every 1000 m above sea level (dotted lines) and is labeled in meters. Filled circles are major volcanic
centers in the Highlands [D'Addario et al., 1976]. Abbreviations: BT, Bewani-Torrecelli Ranges; FR,
Finisterre Range; HP, Huon Peninsula; KR, Kubor Range; MTB, Mamberamo Thrust Belt; NBT, New
Britain Trench; OSF, Owen Stanley Fault; RMF, Ramu-Markham Fault; SBP, South Bismarck Plate; SF,
Sorong Fault; ST, Seram Trough; TAF, Tarera-Aiduna Fault; TF, Thrust Front; TT, Trobriand Trough;
VS, Vitiaz Strait; WB, Woodlark Basin; WO, Weyland Overthrust. The Direwo fault is indicated by solid
diamonds, thrust faults are indicated by solid triangles on the presumed hanging wall, and strike slip faults
are indicated by split arrows.
Fig. 2. Map showing distribution of gravity stations and drill holes giving thicknesses of Plio-Quaternary
sediments. Also shown are the 350 m topographic contour and the locations of the two profiles used in
Figures 3-7. MU designates the location of the Muller Uplift.
Fig. 3. Topography and measured Bouguer gravity anomalies projected onto profiles. Topography was
estimated from 1:250,000 and 1:500,000 maps and projected onto the profiles shown in Figure 2. Bouguer
anomalies are corrected to 1971 datum and 1967 reference field, and corrected for errors in the Australian
milligal calibration [Robertson Research et al., 1984]. Points with terrain corrections are plotted with a
large square and other points are plotted with a small dot. Also shown is the GEM 9 degree 10 reference
gravity field [Lerch et al., 1979] that is removed from the Bouguer anomalies in Figures 4-7.
Fig. 4. Observed and calculated gravity, topography, molasse thicknesses, and calculated deflections for
Line 1. Calculated values correspond to models with a constant rigidity plate extending to X = -300 km
supporting the entire mountain range. Observed Bouguer gravity measurements with the GEM 9 field
removed are averaged from the data in Figure 3 every 10 km along strike, separately for points without
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(circles) and with (triangles) terrain corrections. Error bars are two-sigma standard errors for the 10 km
averages and indicate the scatter in observations rather than actual data errors. Bore hole depths to the
bottom of the molasse are shown by squares on the upper plot, and the depth at the thrust front from
seismic reflector contours are shown at X = 0, with 100 m error bars. The "x" at X = +287 km marks the
first surface outcrop of Miocene carbonates south of the thrust front, which elsewhere underlies the
molasse. Calculated deflections, to be compared with observed molasse thicknesses, are determined for
three different flexural rigidities D, 1024 Nm (solid), 1023 Nm (long dash), and 1022 Nm (short dash).
Calculated gravity for the three structures is shown with the same line type. The gravity due to local (Airy)
compensation is shown with a dotted line. Note change in vertical scale for the upper figure; the
topography follows the positive scale (0 to 4 km elevation) while the sediment thicknesses and calculated
deflections follow the negative scale (-1.5 to 0 km depth).
Fig. 5. Calculated and observed gravity, topography, molasse thicknesses and computed deflections for
Line 2. Calculated values correspond to models with a constant rigidity plate extending to X = -200 km
supporting the entire mountain range, for D = 105 Nm (solid), 1024 Nm (long dash), and 1023 Nm (short
dash). Dotted line shows the computed anomaly for local (Airy) compensation. Format is the same as
Figure 4.
Fig. 6. Calculated and observed gravity, topography, molasse thicknesses and computed deflections for
Line 1. Calculated values correspond to models with a flexural rigidity of 102 Nm extending to X0 = -40
km (short dash), -60 km (long dash), or -80 km (solid). North of X0 Airy compensation is assumed.
Dotted line is Bouguer gravity for X0 = -40 km with the attraction of a + 50 kg/m 3 slab added. The slab
geometry is shown with no vertical exaggeration in the upper right corner along with the crustal structure
between X = -400 km and +200 km and with well-located earthquakes [Chapter 4] projected from within
55 km of the center of the line. Format is the same as Figure 4.
Fig. 7. Calculated and observed gravity, topography, molasse thicknesses and computed deflections for
Line 2, for plates that end beneath the mountain range. Calculated values correspond to models with D =
1024 Nm extending to X0 = -60 km (dashed), or D = 1025 Nm, X0 = -70 km (solid). North of X0 Airy
compensation is assumed. Format is the same as Figure 4.
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Fig. 8. (A) Thickness of upper Miocene to Pleistocene clastic sediments (m), compiled from Visser and
Hermes [1962]. Includes Plio-Pleistocene Boeroe fm. and upper Miocene Iwoer, Akimeugah, and Klasafet
fins. Solid circles are bore hole locations, and plusses are locations of measured sections of clastics
uplifted by thrusting. The measured sections are often incomplete, and only include sediments deposited
before the measured sediments were involved in thrusting, so provide a minimum estimate of molasse
basin depth. The molasse basin reaches a maximum depth of 4400-4800 m near 137.5* E, just south of
Puncak Jaya (elevation 5030 m). Also shown are locations of N-S profiles at 137" E and at 139 *E plotted
in Fig. 8B and 8C. (B) Topography, calculated gravity, and observed gravity along 139" E. (C)
Topography, calculated gravity, and observed gravity along 137"E. Topography is from ONC 1:1 000 000
charts. Observed gravity is from a contour map of Bouguer values in the foreland basin [Visser and
Hermes, 1962] and does not extend into the Highlands; no point values for gravity are available for Irian
Jaya (Figure 2). Bouguer gravity is corrected to IGSN 71 datum and GRS67 reference field, and has
GEM9 degree 10 field removed. Dotted line shows Airy anomaly for a reference crustal thickness of 30
km. Dashed lines show Bouguer anomalies calculated for with D = 1024 Nm (long dashes) or D = 1022
Nm (short dashes) for a plate supporting the entire mountain range and terminating at X = -200 kin,
similar to Figures 4 and 5. Ts is the predicted maximum sediment thickness, at the thrust front, and is
comparable to observations in Figure 8a.
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CHAPTER 4
Deep structure of an arc-continent collision: Earthquake
relocation and inversion for upper mantle P and S wave
velocities beneath Papua New Guinea
INTRODUCTION
The continuing Neogene collision between an island arc and the northern margin of Australia is
responsible for ongoing deformation in New Guinea [e.g., Dewey and Bir4d, 1970; Jaques and Robinson,
1978; Hamilton, 1979], both within the crust and at considerable depth. Intense seismicity in the upper 250
km beneath New Guinea attests to the active nature of the collision. The orogenic belt is probably the
largest active example of arc-continent accretion and information on processes here are important to
understanding continental growth. For example, although it is often assumed that arc polarity reversal
follows soon after arc-continent collision [e.g, Dewey and Bird, 1970] evidence for a reversal in New
Guinea is equivocal [Johnson and Jaques, 1980] and surface structures in (eastern) Papua New Guinea
generally still show north-over-south vergence [Rogerson et al., 1987].
Direct evidence for polarity reversal in New Guinea is ambiguous. The morphology of the deep
seismic zone, although studied by several authors [e.g., Denham, 1969, T. Johnson and Molnar, 1972;
Curtis, 1973; Hedervari and Papp, 1977; Hamilton, 1979; Pascal, 1979; R.W. Johnson and Jaques, 1980;
Ripper, 1982Z Cooper and Taylor, 1987], remains poorly understood because the ISC or USGS seismicity
catalogs used by virtually all of these authors (except Pascal [1979]) show a diffuse cloud of hypocenters
beneath northern New Guinea. Because earthquake locations from catalogs are of variable and sometimes
poor quality, it is difficult to be sure that the apparently wide scatter in locations is real and not a result of
location errors. Based on some early locations a south-dipping seismic zone beneath eastern New Guinea
was claimed to exist, extending southeast of the main collision zone and beneath the Papuan Peninsula
[e.g., Denham, 1969; Johnson and Molnar, 1972]. This zone has been inferred to be the result of polarity
reversal [e.g., Hamilton, 1979], the southern limb of a now subducted doubly-subducting oceanic plate
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[Ripper, 1982; Cooper and Taylor, 1987], or an overturned originally north-dipping slab [Johnson and
Molnar, 1972]. However, as argued by Johnson [1979] and Johnson and Jaques [1980], the apparently
south-dipping zone can be explained as an artifact of projecting seismicity onto incorrectly oriented cross
sections, and the true seismicity does not constitute a south-dipping plane. Debate still persists on this
issue. There are other difficulties with the polarity reversal hypothesis, as the major surface thrust faults
dip north, not south in northern Papua New Guinea (PNG) [e.g., Rogerson et al., 1987; Davies et al., 1987]
and the active Bismarck volcanic arc (Figure 1) is not noticeably offset between New Britain and the chain
of volcanos off the north coast [e.g., Johnson and Molnar, 1972]. Thus, it is difficult to say whether or not a
polarity reversal is taking place. In either case stronger constraints on the deep structure beneath the arc-
continent collision zone are clearly warranted.
This study uses P and S wave arrival times recorded by regional seismic networks in PNG (Figure 2) to
redetermine locations of earthquakes in the region and to estimate three-dimensional variations in seismic
velocity beneath PNG. Many arrival times were repicked from the original seismograms and uncertainties
were estimated for as many times as possible in order to provide a set of times that could be used to
determine the quality of hypocenter locations. Poorly located events were systematically removed so that
only the best events were used to determine patterns of seismicity and to determine velocities. These
events show a well-defined north-dipping seismic zone beneath northern New Guinea and do not support
the existence of a south-dipping seismic zone, although seismicity near 150 km depth is found in a
horizontal line following the center of the Papuan Peninsula. Unfortunately, large differences in crustal
thickness dominate the pattern of arrival time residuals so limited information on upper mantle
heterogeneity can be gained from these observations, but some support for northward subduction can be
found. Many intermediate depth earthquakes beneath New Guinea do not appear to have a simple slab
subduction geometry, and indicate other processes are involved in coupling near-surface to intermediate-
depth deformation.
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REGIONAL SETTING
The northern margin of New Guinea is formed by a series of coastal mountain ranges of island arc
affinity which collided with the north margin of Australia in Neogene time [e.g., Dow, 1977]. This arc-
continent collision is largely responsible for the New Guinea Mobile Belt and Fold-and-Thrust Belt,
orogenic belts of deformed continental margin and metamorphic rocks that are thrust south over the
northern continental margin [e.g., Dow, 1977; Rogerson et al., 1987]. An earlier stage of the collision is
indicated by an Oligocene metamorphic event and by extensive Miocene plutonism in the northern part of
the ranges [e.g., Dow, 1977] possibly indicating south dipping subduction off northern New Guinea at this
time [e.g., Rogerson et al., 1988]. Clastic sedimentation indicative of mountain building did not begin south
of the mountains until latest Miocene-Pliocene time [e.g., APC, 1961] and in the northern basins in late
Miocene time [e.g., Davies et al., 1987].
The north coastal ranges west of 145 E, here referred to as the Finisterre-Huon Ranges, share similar
histories with the New Britain island arc along strike to the east [e.g., Dow, 1977; Pigram and Davies, 1987;
Falvey and Prichard, 1982]. These terranes and other Melanesian islands show active island arc volcanism
starting in the Eocene or mid-Oligocene, and abruptly terminating in earliest Miocene time with the onset
of widespread Miocene carbonate deposition [Dow, 1977]. Island arc volcanism commenced along the
present Bismarck Volcanic Arc in the Pliocene, located somewhat north of the older volcanic arc between
eastern New Britain and 144*E [Johnson, 1976]. Paleomagnetic results [Falvey and Prichard, 1982]
indicate that the New Britain and the Finisterre-Huon segments of the arc share similar histories since at
least the lower Miocene, both showing large (60") counter-clockwise rotations from 30 Ma to 4-5 Ma, and
a subsequent 15* clockwise rotation perhaps related to the onset of arc-continent collision and the opening
of the Bismarck Sea.
The Finisterre-Huon Ranges are bound on the south by the Ramu-Markham fault system, a north-
dipping thrust system that thrusts the island arc rocks and marginal clastics over the adjacent continental
margin rocks and the intervening basin [Davies et al., 1987; Rogerson et al., 1988]. There is much evidence
for Quaternary uplift at the southern margin of these ranges [Rogerson et al., 1988; Crook, 1986] and on the
north side of the Huon Peninsula [Chappell, 1974] indicating that considerable convergence is localized
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here, also indicated by intense crustal seismicity near the Ramu-Markham Fault [C. Kulig, R. McCaffrey,
G. Abers and others, unpublished results]. The Ramu-Markham fault continues east in the western
Solomon Sea and merges with the New Britain Trench, the locus of subduction of the oceanic Solomon
Sea Plate. The Solomon Sea plate is subducting both north beneath New Britain and northeast beneath
the Solomon Islands on the Pacific Plate, and has a ill-defined southwest boundary with the Papuan
Peninsula [Davies et al., 1984].
The Bismarck Sea is a back-arc basin north of New Guinea and New Britain, that has opened E-W to
SE-NW at several cm/yr for the last 3.5 Ma [Taylor, 1979]. The ridge-transform system in the Bismarck
Sea forms a northern boundary to the South Bismarck Plate [Johnson and Molnar, 1972], one of the two or
three identified small plates between the Pacific Plate and Australia.
The Papuan Peninsula at the eastern extremity of New Guinea is composed in the southwest of the
Owen Stanley metamorphic rocks of probably continental or arc affinity [e.g., Dow, 1977; Rogerson et al.,
1988] overlain by the Papuan Ultramafic Belt, a large ophiolite suite [Davies, 1971] that has been obducted
southwest over the northeast side of the Peninsula. A large gravity high [Milsom, 1973] and seismic
refraction observations [Finlayson et al., 1976; 1977] indicate that the ultramafic belt continues offshore,
dipping northeast beneath the adjacent Trobriand Shelf. The southern part of the Peninsula is a zone of
N-S extension at the western end of active rifting of the Woodlark Basin [Weissel et al., 1982] and is
associated with extensive Quaternary volcanism [Smith, 1982]. There is little or no seismicity southwest of
the central Papuan Peninsula indicating that the peninsula is continuous with the Australian Plate.
Scattered shallow seismicity, volcanism, and offshore deformation suggest that the boundary between
Australia and the Solomon Sea Plate is in a weakly deforming zone on the northeast side of the Papuan
Peninsula. Motion across this boundary is uncertain and most estimates of microplate motion
(summarized by Johnson [1979]) indicate that Australia-Solomon Sea motion should be small but largely
left-slip at the Trobriand Trough. Several authors [e.g., Lock et al., 1987] have used the apparently
compressional nature of the Trough to argue that subduction is taking place here. Some convergence
across the Trobriand Trough is observed in multichannel seismic lines, but present rates are probably no
more than a few mm/a [Reed et al., 1988].
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METHOD
The three-dimensional (3D) joint inversion for hypocenters and seismic velocities was based on arrival
times recorded by PNG seismic networks (Figure 2 and Table 1). The inversion technique, based on the
method of Aki and Lee [1976], is similar to that used by Roecker [1982] and Roecker et al. [1987] and
calculates travel times through a set of constant velocity blocks. A full explanation of the method can be
found in these papers, and a brief description is given below to emphasize differences from previous
approaches.
Velocity is parameterized initially by a one-dimensional (1D) model and in later inversions by laterally
varying (3D) structures described by constant velocity blocks [Aki and Lee, 1976], with blocks allowed to be
arbitrary polyhedra rather than rectangular boxes. Both P and S arrival times are used in the inversion and
velocities for both wave types are determined. Despite the increased number of parameters in the velocity
inversion the inclusion of S phases greatly stabilizes the hypocentral locations and has been found to be
very useful for a sparse network [e.g., Roecker, 1982; Roecker et al., 1987]. Direct and refracted rays were
traced through three dimensional structures with an approximate tracing method [Thurber and Ellsworth,
1980] to determine travel times and derivatives.
All calculations were formulated to be correct in a spherical earth rather than the usual plane-layered
structure [Aki and Lee, 1976; Roecker, 1982], because some ray paths were as long as 1500 km and arrival
times in plane-layered structures were found to be several seconds in error. Velocities and depths were
modified with an earth-flattening transform [Chapman, 1973], and horizontal distances and intersections of
rays with vertical boundaries were calculated in a spherical geometry. Arrival times were corrected for
ellipticity using the tables of Dziewonsid and Gilbert [1976]. Station elevations were explicitly incorporated
into the ray tracing. For some 1D inversions, but not for 3D inversions, station corrections were estimated
from average residuals and applied (Table 1).
An important difference between the velocity inversions here and most previous "block" inversions is
that constant-velocity blocks are not restricted to being rectangular but are allowed to have irregular
boundaries (e.g., inversions R, R2, and Q discussed below). Ray paths are calculated through a grid of
smaller rectangular blocks as in previous methods, but a single parameter is used to describe the velocity
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of several adjacent blocks through a cross-reference table. Within each larger constant-velocity "meta-
block" both the travel times and the fractional slowness derivatives are proportional to the path length
[e.g., Aki and Lee, 1976] so these are calculated by simply accumulating the contributions from each
smaller "sub-block". The resulting forward problem (calculating travel times and derivatives) is no more
difficult than for rectangular blocks if the number of rectangular blocks is the same as the number of sub-
blocks, while the corresponding inverse problem is much smaller because in general there are many fewer
meta-blocks than sub-blocks. The flexibility of this parameterization has several advantages. First, more
blocks can be placed in regions where many rays pass without requiring a correspondingly high block
density in other regions, making it feasible to invert for fine structure where it is warranted by the data
without including poorly resolved blocks in other regions. Second, inversions can be designed with very
few parameters yet allow for geologically reasonable boundaries between regions of differing seismic
velocities. For example, inversions can be configured to determine upper mantle velocity differences
between subcontinental and suboceanic mantle with only 4 velocity parameters per layer (2 P velocities and
2 S velocities), despite the irregular boundary shape between oceanic and non-oceanic regions. Finally,
two-dimensional inversions can be easily designed to look for variations in velocities perpendicular to the
seismic zone, and across-strike variations can be examined without the confusion of many parameters to
describe other along-strike variations. The primary disadvantage of this approach is that sampling can be
highly uneven for large blocks, and care must be taken to make sure that the effects of uneven spatial
averaging are understood.
The inversions follow an iterative nonlinear formulation similar to Tarantola and Valette [1982], except
that a priori estimates of parameters are updated at each iteration step rather than fixed to initial values.
This modification is made in order to avoid biassing results to initial values for velocities and locations for
which there is little or no real information. This is particularly true of initial hypocenters, which are largely
or entirely determined from the same data as used in the inversion, and strictly speaking do not provide a
priori information independent of the observations. Theoretically the problem would be better resolved by
assigning large or infinite a priori variances to parameters, but practically this leads to numerical
instabilities because the inverse a priori covariance matrix acts as a damping term in the inversion. The a
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priori model covariance matrix is assumed to be diagonal, and a priori model variances for velocities are
set to be 5% uncertainties in slownesses to provide a measure of stability to the problem. A priori
estimates of data variances are described below in the Data section and are assumed to be uncorrelated
(i.e., the a priori data covariance matrix is diagonal).
The linearized inversion was repeated iteratively until changes in velocities became small (<1%),
generally four iterations were sufficient. A parameter separation technique [Pavlis and Booker, 1980] was
used to separate hypocenter locations from velocity inversions in order to make the inversion
computationally tractable. Between each iteration it was found necessary to smooth sharp changes in
velocities to minimize the effect of large fluctuations of poorly constrained velocities on the travel times
the next iteration, by resolution-weighted averaging of slownesses with adjacent blocks [Roecker et al.,
1987]. Velocities for the final iteration, presented here, were not smoothed.
DATA
Initially arrival times were taken from the catalog of times reported to the International Seismological
Centre (ISC) by all stations operating in and near PNG between 1964-1984. Out of an initial list of 12,960
events located by the ISC between 0 and 15"S and 135 and 160 *E, 8536 events were recorded by at least 5
local stations and constituted the preliminary data set of 64,004 P and 23,699 S arrival times. To correct
for misidentification of minute marks on seismograms, 1129 arrival times with residuals within 10 s of
some multiple of 60 s were adjusted by the appropriate multiple of 60 s.
After initial sorting of events on the basis of stability in initial relocations and 1D velocity inversions, a
list of 957 events recorded at 57 stations was selected for further relocation and use in velocity inversion.
A velocity model was similar to PREM [Dziewonski and Anderson, 1981] was used as a starting model,
modified so the uppermost 35 km was a constant-velocity layer with P and S wave velocities of 6.33 and
3.57 km/s and so that there was no low velocity zone (Table 2). Events were chosen if 1) at least 8 phases
were recorded by at least 5 stations, 2) hypocenter condition numbers (the ratio of largest to smallest
eigenvalues in the hypocentral inversion problem) were less than 100, 3) the initial locations converged
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(last step in iteration was less than 3 kin), 4) RMS residuals were less than 2.0 s, 5) standard errors in
position were less than 5 kin, and 6) locations differed by less than 50 km between different 1D velocity
structures. These criteria were intended to be more stringent than necessary and some of the discarded
events may be well located, but we have minimized the risk of significantly degrading the velocity part of
the inversion with potentially unstable locations.
From the initial list of 957 events 2081 of the 10,961 arrival times were repicked from the original
records, and uncertainties were estimated individually for each repicked arrival time. The repicked times
included all times with residuals greater than 5 s and all times for the period 1982-1984 when instrument
timing was most reliable. Some additional arrivals were picked for the 1982-1984 events. These original
seismograms were examined from networks in PNG (Figure 2 and Table 1) managed by the Port Moresby
Geophysical Observatory, the Rabaul Volcanological Observatory, and Bouganville Copper Ltd., including
some from every station used in the inversions (except JAY in Indonesia) in order to determine
uncertainties for stations as well as for the individual seismograms. For each of the 1310 P and 771 S
arrival times that were repicked, uncertainties were assigned between 0.05 and 3.0 s based on the clarity
and impulsiveness of the arrival and on the reliability of timing. Uncertainties also were estimated for
each station based on the reliability of timing and the quality and method of recording (all were analog
except for stations ARWB, BUNB, BUKB, and TOKB on Bouganville Island). When possible station
uncertainties were set to the average uncertainty for that station determined from the assigned
uncertainties for repicked arrival times. Inversion weights of 1.0, 0.25, or 0.111 were then assigned to each
station, corresponding to relative estimates in a priori uncertainties (Table 1) of 1., 2., and 3. (inversion
weights are proportional to 1/1ai2 where a i is the a priori uncertainty in the ith arrival time). The S picks
were assigned weights of 0.1 relative to P (equivalent to a relative uncertainty of 3.33), determined from
the ratio of average S uncertainty to average P uncertainty for the repicked arrivals. A priori uncertainties
for arrival times that were not repicked were set to 0.3 s multiplied by these estimated relative phase and
station uncertainties.
The 10,961 arrival times for the 957 events, including the 2081 repicked times and uncertainty
estimates for all times, form the basic data set for this study. For each velocity inversion only those events
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whose locations meet selection criteria are used [Roecker et al., 1987]. These criteria are similar to those
used for initial selection: 1) Condition number less than 100 (typically true for 90% of the 957 events); 2)
Location converges, with final iteration step less than 3 km (80-85% of events); 3) Standard errors in
location are less than 10 km (85-95% of events); 4) RMS residual are less than 2.0 s (0-2 events eliminated,
95% of residuals are less than 1.5 s); and 5) total hypocenter change since last relocation is less than 50
km (96-98% of events move less than 20 kin).
Typically, for 1D inversions these criteria selected -650 of the 957 events, and for 3D inversions 700-
750 events. The most important criteria were the condition number (1) and the convergence (2),
accounting for 90% of the earthquakes eliminated from velocity inversions. The condition number is
independent of the arrival times and provides a good indicator of the ability of the network geometry to
locate events at a given location, while the convergence criteria largely reflects the consistency of the
arrival times for a given velocity model.
In all 3D inversions, poorly resolved blocks were eliminated by removing all blocks hit by less than 30
rays from the inversion. Use of blocks hit by fewer rays occasionally produced unstable, poorly resolved
velocities. Rather than include these in our results and possibly bias subsequent relocations and velocity
inversions, the 30 hit criteria was adhered to for all 3D inversions. The resulting ray density (Appendix C)
is uneven, shallower than 71 km blocks beneath the 3 or 4 best stations are the most often hit and between
71 and 221 km most rays are near the Huon Peninsula. The velocity inversion results with 2D
parameterizations are expected to be biassed toward structure near the Huon Peninsula.
Uncertainties in the relocations and velocity inversions are addressed in a variety of ways. The
generalized inversion done here provides direct a posteriori parameter variances [e.g., Tarantola and
Valette, 1982] and parameter resolution. For almost all inversions the velocity parameters are nearly
perfectly resolved and resolution matrix diagonals are greater than 0.95 (except in the uppermost layer),
largely because the number of blocks is small and they are well sampled. For nearly all inversions the
standard errors in velocity are less than 0.05 km/s when resolution diagonals are less than 0.9, despite
variations of 0.1 to 0.3 km/s between different parameterizations and 1-2% variations in tests with artificial
data (Appendix A), indicating that the formal errors significantly underestimate true uncertainties.
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A complementary approach is an examination of results from many different parameterizations to
determine what features of the velocity structure are consistently observed; some such tests are discussed
below. These tests give some indication of the sensitivity of results to choice of parameterization, but
because only a small number of parameterizations can be examined these results are necessarily
incomplete. In order to further address resolution of deep structure some inversions of artificial arrival
times were conducted for rays traced through simple velocity anomalies (Appendix A). These tests
indicate that upper mantle velocity variations of 1-2% probably cannot be resolved, but large high-velocity
slabs might be resolvable. Some evidence for long wavelength deep velocity anomalies can be seen in the
spatial pattern of raypaths with systematically positive or negative residuals, discussed below, but in many
areas residuals are not explained much better by the 3D models than by the 1D models determined here.
The extent to which network geometry introduces spatial biasses in the seismicity patterns is analyzed by
looking at expected variations in hypocenter condition numbers and standard errors (Appendix B).
RESULTS
One Dimensional Velocity Inversion.
In all 1D and 3D inversions a 9 layer structure was used (Table 2) extending from the surface to 670
kin, rays did not reach the 670 km interface in any inversion. As mentioned above the initial model was
similar to an averaged PREM structure (Table 2), but other starting models generated by perturbing
PREM slownesses by a constant amount produced similar results. The top layer representing the crust
was kept at 35 km thickness, after initial experiments with thinner crusts (15-25 kin) showed large
instabilities in the velocity for this layer (velocities reached 33 km/s after one iteration with a 15 km thick
crust). It is unclear what was the exact cause of this instability, but it appears to be the result of this layer
being much thinner than the deeper layers. Station spacing is several times larger than the top layer
thickness, so relatively few rays spend much time in the layer and the inversion for upper layer velocity is
dominated by throughgoing raypaths. Because of the large difference in layer size, small deviations in
velocity for lower layers produce residuals equivalent to those caused by large changes to the uppermost
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layer velocity. This effect becomes more significant as the upper layer becomes thinner. Hence, small
errors in deep velocities can produce large changes to velocities of a thin the upper layer.
After four iterations the velocities (Figure 3) appear to converge (velocity changes <1%), with 646
events used in the final inversion with station corrections or 635 events in final inversions without. The 1D
inversions were initially done both with and without station corrections, with corrections calculated and
added between every other inversion. The resulting velocities are similar to the PREM starting model
(Table 2), as well as to the upper mantle structure determined by Simpson et al. [1974] for southern New
Guinea and northern Australia. The inclusion of station corrections reduced the global residual variance
by 21% (Figure 4), indicating that near-surface velocity variations may be important. Even with station
corrections the variance of the data set is 0.75 s compared to 0.20 s a priori data variance, so a substantial
amount of the residual variance remains to be explained. (The variances in Figure 4 are calculated with a
set of 867 events that are meet location criteria in at least one inversion. The number of degrees of
freedom used in these variances are adjusted for the number of free velocity parameters, the number of
station corrections, the number of hypocenter parameters, and the number of events because the variances
are calculated after the mean residual for each event is removed.)
Three Dimensional Velocity Inversions.
Velocity Heterogeneities in the Crust. Although it is tempting to immediately use all the arrival times to
invert for 3D velocity heterogeneities throughout the upper mantle, it is important to determine the extent
to which crustal heterogeneity might explain the observed arrival time residuals. Crustal velocities for all
three dimensional inversions were solved for directly by dividing the upper layer into 100 km x 100 km
blocks (Figure 5) and the station corrections were not used. Inversion S (Figures 3 and 5) used a structure
that was one-dimensional below the first layer, and only allowed lateral heterogeneity in the top 35 km.
This inversion showed a 40% variance reduction relative to the 1D solution without station corrections and
a 24% variance reduction relative to the solution with station corrections (Figure 4) despite the fact that
the number of velocity parameters here (85) is less than the number of 1D velocities determined (14) plus
the number of station corrections (114). The sharp variance decrease, together with the general coherence
between adjacent blocks in the upper layer (Figure 5), indicates that crustal velocity and thickness
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variations are large contributors to the travel time residuals. The results for the top layer are robust to the
extent that they do not change significantly when subcrustal heterogeneity is allowed (Figures 5-7).
Large crustal thickness variations are expected within the network, from thin oceanic crust in the
Solomon and Bismarck seas (typically 6-8 kin) to thickened continental crust beneath the New Guinea
Highlands (possibly 45 km; see Chapters 1 and 2). Because the layer thicknesses are held constant in the
velocity inversion, variations in Moho depths will manifest themselves as corresponding large changes in
the average velocity of the upper 35 km. The results from inversion S show a close correlation with
expected variations in crustal thickness, with lower P velocities (5.5-7.1 km/s) found for blocks beneath the
main body of New Guinea and beneath the Bouganville and New Britain island arcs, and higher P
velocities (7.3-8.1 km/s) beneath the Bismarck and Solomon Seas. High velocities are also associated with
the northeast Papuan Peninsula, where large ophiolites are found [Davies, 1971] that produce a large
gravity high [Milsom, 1973], high crustal seismic velocities and a somewhat thin (20-24 km) crust [Finlayson
et al., 1976; 1977]. Seismic refraction results indicate that the Papuan Ultramafic Belt corresponds to
mantle velocity material that extends from the surface down to the north in a thin sliver, coincident with
the maximum crustal velocities (8.0-8.1 km/s) found in blocks in the region (Figures 5-7). Thus, most of
the results for this inversion are consistent with known or expected variations in gross crustal structure.
Three Dimensional Inversion for Upper Mantle Structure. All subsequent inversions use the results
from inversion S as a starting model, in which all lateral heterogeneity is confined to 100xl00 km blocks in
the top layer. More complexity is added with each inversion discussed, initially inverting for a small
number of subcrustal blocks and later inverting for more complex systems. The first 3D inversion (R) with
2 blocks in each mantle layer shows the large-scale variation in mantle velocities between the mantle north
of the seismic zone and the mantle south of it. The mantle structure here is parameterized in each layer by
one block north of the seismic zone, beneath the Bismarck sea, and one block south of it (Figure 8, top).
A second 3D inversion (R2) is similar to inversion R except the southern block is divided in half so the
velocity beneath New Guinea is allowed to be different than that below the Solomon Sea, giving 3 blocks
per mantle layer (Figure 8, bottom). In both of these inversions the upper layer was parameterized by 100
km x 100 km blocks.
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Both inversions show P velocities 1-4% lower beneath the Bismarck Sea than south of it for depths
between 35 and 171 km. There is a slight indication that the upper mantle beneath the Solomon Sea is
slower than beneath New Guinea between 121 and 271 km (Figures 9 and 10). The hitmaps (Appendix C)
show that most of the rays passing through these blocks are near the zone of seismicity and hence near the
block boundary, primarily beneath the Huon Peninsula. Therefore, the velocities are mostly averages of
structure near the seismicity and probably are less sensitive to heterogeneity far from the seismic zone. In
additional tests, not shown, it was found that shifting the boundaries north or south by 50 kmi generally
reduced the velocity contrast between the northern and southern blocks, indicating that a marked change
in velocities occurs near the intermediate depth earthquakes. A simple interpretation of the systematic
velocity contrast is that it indicates differences in velocity between a relatively cold slab and lithosphere
beneath the downgoing plate and the relatively warm upper mantle beneath the island arc or beneath the
actively opening Bismarck Sea.
A third 3D inversion, O, was parameterized so that mantle blocks were several hundred km long
parallel to the trend of intermediate-depth seismicity but only 50 km wide perpendicular to the trend
(Figure 11). This configuration is essentially a two-dimensional parameterization of velocity variations
across the slab and is useful for determining the cross-sectional slab structure without introducing many
unnecessary and unstable along-strike parameters. The slab structure was split in half at 148 E to allow
for different velocities beneath New Guinea from those beneath New Britain. Blocks far from the seismic
zones had boundaries similar to surface tectonic features, such as the Bismarck and Solomon Seas, and the
Papuan Peninsula was divided into two blocks at the line intermediate depth seismicity (Figure 11, layer 4).
Again, the top layer was parameterized by 100 km x 100 km blocks in order to explain crustal and near-
station effects. The resulting velocity structure was used to locate earthquakes for the discussion of
seismicity below.
The most prominent feature are generally low velocities 50-100 km north of the seismic zone and
generally higher velocities south of it, between 35 and 171 km beneath New Guinea and between 71 and
271-371 km beneath New Britain (Figure 11). This is similar to the results obtained from the simpler
inversions R and R2 but the velocity contrast is more pronounced. In cross-section (Figure 12) it is clear
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that the earthquake zones dip to the north at these depths, so that higher velocities are associated with the
downgoing plate and lower velocities are found beneath the island arc and opening backarc basin.
Maximum velocity contrasts between the upper and lower plate are 3.5-4% from 71 to 271 km depth
beneath New Britain (cross section C-C', Figure 12) and 6-13% from 35 to 171 km depth beneath New
Guinea (cross sections A-A' and B-B', Figure 12). Tests with artificial data generated through simple
structures (Appendix A) show that the absolute velocities can vary by 2% if the boundary locations are
incorrect, but the maximum velocity contrasts may be recoverable. The consistency of the 0 inversion
results over several layers, and the similarities (and differences) to the simpler inversions R and R2
indicate that the large scale velocity contrast is a robust feature with respect to the parameterization used.
However, the total variance (0.51 s2) is still 2.5 times the a priori data variance (0.20 s2), and the total
variance reduction for this inversion is only 10% relative to the inversion with a 1D structure below 35 km,
compared to a 40% variance reduction obtained by allowing lateral heterogeneity above 35 km (Figure 4).
The lack of large variance reduction indicates that adding these upper mantle velocity parameters to the
inversion did little to further explain the data.
The simple picture of high slab velocities is only seen between 35 and 171 km on section A-A', despite
earthquakes at depths to 250 km. The 171-271 km layer, Layer 5, shows large changes in velocity that are
probably due to inadequate sampling in regions where there are no events. For example, the inversion for
the high velocity block in layer 5 with P-wave velocity Vp = 8.57 km/s (Figures 11, 12) is dominated by a
few paths from events beneath New Britain to station JAY that run the length of the block. Between this
block and station JAY these rays pass through several poorly resolved shallower blocks with resolution
diagonals < 0.9, where velocities are poorly determined. Errors in velocities for the shallower blocks
probably cause large errors along the raypaths for the 8.57 km/s block. A similar problem exists for the
block in layer 5 with Vp = 8.75 km/s, which shows anomalously high velocities in one test with artificial
data (Figure A3). In general, blocks near the periphery of the structure and far from earthquakes are
sparsely and irregularly sampled, especially below 171 km where all events are concentrated in one place.
For these blocks, the velocities appear to be influenced by unconstrained variations beneath stations at the
edge of the array.
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One set of inversions was done with a fully 3D parameterization, with the entire upper mantle divided
into 100 km x 100 km blocks (shown only in hitmaps, Appendix C). Although this inversion introduced
more than twice as many parameters as inversion Q the arrival time variance was not reduced by more
than 1% (Figure 4), and there was little or no coherence between adjacent blocks. This spatial sampling
scale appears to be too small to be resolved by the observed arrival times.
Map Pattern of Travel Time Residuals. The consistency of large scale velocity variations between
different parameterizations lends some confidence to the robustness of the inversion, but the aspects of the
data set that require these results are not obvious from the inversions. In order to understand better the
constraints provided by the arrival times, patterns of residuals are examined directly to determine both
where the times provide coherent information and to what extent the 3D velocity models explain these
residuals. The overall variance reduction for the 3D inversions (Figure 4) is small even for the deeper
events (>71 km) which should be most sensitive to mantle structure, so clearly these inversions do not
explain much of the arrival time residuals, but some deep structure may be required.
The arrival time residuals determined for single stations are plotted in map view centered at the
station location (Figures 13-14). Only residuals for earthquakes below 125 km are plotted because
raypaths for these events spend most of their time in the mantle, and are likely to be more sensitive to
mantle structure than rays for shallower events. Residuals are shown for both inversion S (3D in the top
layer only) and inversion 0 (3D mantle, Figures 13-14) so that the residual decrease, if any, due to
allowing lateral variations in the mantle can be examined. Residuals are plotted separately for those
repicked times that have small a priori uncertainties, which are the residuals that are the most accurate
and that have the largest weights in the inversion (Figure 14). Residuals are shown here for six of the most
active stations (KKI,LAT,LMG,MDG,PMG, and RAB) and give the impression that some coherent
residual anomalies are explained by the 3D inversion while other anomalies exist that are not explained by
the 3D velocity model Q.
High velocities relative to the 1D model S beneath the Solomon Sea are indicated by residuals at
several stations. The clearest are 0.5-1 s negative P residuals at LMG from events in eastern New Britain
and Bougainville (Figure 13), 1.5-3 s negative S residuals at LAT for events from the same area (Figure
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13), and a few negative P residuals at PMG for the events with small a priori variances (Figure 14). The
consistency of the signs of residuals decreases for model Q, although the sizes remain similar, showing that
the Q velocities explain this pattern.
Residuals for the few events beneath the Papuan Peninsula are small (usually <0.5 s) but consistent in
sign at nearby stations. These residuals are less than 0.25 s and negative at PMG, near 0.5 s and positive at
LMG, and 0.25-0.5 s negative at LAT, the three stations nearest to these events. The biggest of these
residuals, at LMG, indicates low velocities that might be related to the Mt. Lamington volcanism directly
below LMG. Although there is clearly some consistent pattern in these residuals that is not explained by
either the 1D or the 3D models, large anomalies such as are associated with subduction to the north are
not observed.
Coherent 2-3 s S residuals at RAB in eastern New Britain are observed for nearby events in east New
Britain and Bougainville. These residuals are not noticeably reduced in the 3D Q inversion, suggesting
that considerable structure exists that is not described by the Q results.
Residuals at stations KKI and MDG probably provide the best evidence for the large-scale velocity
variations associated with the intermediate-depth seismicity. Station KKI is on the western extension of
the volcanic arc north of New Guinea, on Karkar volcano, and station MDG is 75 km south in the north
coastal ranges. For a 1D mantle, P residuals from events in New Britain and the north Solomon Islands
are positive and often exceed 1 s, while for KKI at least the residuals from events in the Finisterre seismic
zone are negative. Residuals for the 3D structure 0 do not show such a marked correlation with event
location and are more mixed in sign, although they are not obviously smaller. Because the New Britain arc
is concave north raypaths from events in New Britain and are generally northeast of the Finisterre seismic
zone, while raypaths from the Finisterre events generally follow the zone. The northern paths sample
more of the low velocities north of the seismic zone while the southern paths sample high velocities within
and south of the seismic zone, and the resulting residual pattern reflects the velocity contrast between the
upper mantle north of and south of the seismic zone. The actual situation is more complicated because
the more northerly events also have longer raypaths and generally sample deeper parts of the mantle, so
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some of the contrast in residuals may be explained by the difference in the average 1D structure between
inversions S and Q for the southern Bismarck Sea.
Earthquake Locations
A principal aim of this study is to improve reliability of earthquake locations beneath Papua New
Guinea. The inversion techniques used here enhance the location reliability for two main reasons. First,
because estimates of data uncertainties are directly used to determine uncertainties in location quality,
events with poor locations can be easily identified and removed. Second, by solving for the velocity
structure as well as the seismicity, errors in locations due to incorrect velocities can be minimized. The
analysis also provides insight into spatial variations in the locatability of earthquakes that produce sampling
biasses of seismicity (Appendix B).
Errors in location can be both random and systematic, as is apparent from an examination of the
Finisterre seismic zone (A-A', Figure 12). The ISC catalog locations show considerable scatter and the flat
part of the seismic zone at 100 km depth is not resolved. Relocations for intermediate depth events in the
Finisterre Seismic zone determined in a 1D structure are systematically shifted from those determined in
3D structure 0; 80% of the events are 5-15 km farther south and 5-20 km deeper. The ISC locations are
much more scattered than the 1D locations and show less of a systematic shift from Q results, and have
80% of the events 3 ± 9 km to the south of the Q locations. Such biasses have been observed for local
network locations in subduction zones elsewhere [e.g., Frolich et al., 1982] and are probably due to travel
time differences between rays that pass through the slab and phases that do not. These travel time
differences are accounted for in the 3D velocity model.
Seismicity catalogs based on the PNG networks only show some sampling biasses with depth
compared to those that include teleseismic locations (e.g. the ISC and USGS catalogs). Relatively fewer
events are found at shallow depths in the local network catalogs than in the ISC catalog (Table 2). For the
local catalogs, nearly the same number of earthquakes are located in the crust as between 71 and 271 km,
while the ISC catalog has several times more events in the upper 71 km than in deeper layers (Table 2).
The layer between 35 and 71 km is particularly sparsely sampled. Much of the problem is that because of
their wide spacing, stations are rarely within 50-100 km of an event (Figure 2) so a typical crustal event is
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recorded by one or two near-horizontal direct arrivals and several refracted Pn arrivals. As discussed in
Appendix B, such raypaths provide little or no information on source depth and the hypocenter inversion
becomes unstable. In addition, the locations for many shallow events did not converge because the depths
attempted to become negative (i.e. to become "airquakes"), probably because the difference between P and
S times for refracted waves could not be matched by locations below the surface. Corrections for such
events were adjusted so that the depths were kept below the surface. Most unstable locations were
removed from the set of earthquakes used in the inversion, so the resulting seismicity patterns are
undersampled in those regions where locations were often unstable (see also Appendix B for a discussion
of unstable locations in the upper mantle beneath western New Britain).
All 8536 events recorded by 5 or more stations were relocated in the final velocity model, in order to
see how many events had been rejected because the wrong velocities and station weights were used in the
initial locations. In all, locations for 1921 events passed the selection criteria used in the inversions (see
Data section above), more than doubling the set of 957 events used in the velocity inversions. The largest
increase in the number of events is in the upper 121 km (Table 2), and events in some peripheral areas
such as the central Bismarck Sea could now be located. Because it is felt that this set of 1921 events more
evenly represents seismicity, they are shown on all cross sections and maps (Figures 11,12, and 15).
DISCUSSIoN
Configuration of the Seismic Zone Beneath New Guinea.
71-150 kmn. Seismicity below 71 km is localized in a narrow, well defined north-dipping zone beneath
northern New Guinea, and in a line at 125-175 km depth beneath the central Papuan Peninsula (Figure 11,
layers 4-5, Figure 15). Below 125 km, the northern zone is continuous along strike with the north-dipping
New Britain seismic zone to the east (Figure 11 layer 5). The zone extends to 250 km depth beneath the
Huon Peninsula (Figure 12, cross-section A-A'), to 150 km in the west (cross-section B-B'), and to 600 km
beneath New Britain where the oceanic Solomon Sea plate is being subducted (cross-section C-C'). Above
125 km the seismic zone beneath New Guinea flattens and becomes horizontal beneath the Finisterres at
100 km depth (A-A') while the New Britain zone continues to the surface at the trench. Although the
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pattern is less distinct, near 144 E the slab still appears to dip north and flatten at 100 km. Stable
locations were not obtained farther west because the network cannot easily determine locations there
(Appendix B), so it is unclear how far west the north-dipping zone continues. The termination of the
Bismarck Volcanic Arc and the change from north-dipping thrusts at the surface in northern Papua New
Guinea to south-dipping thrust faults in northern Irian Jaya [Chapter 2] suggests that a change in slab
orientation is possible.
The flat portion of the slab beneath the Finisterre-Huon region appears to be truncated abruptly at its
eastern and southern margins, near the eastern edge of the Huon Peninsula (Figures 15, 11 layer 3) and
directly below the Ramu-Markham Fault Zone (Figure 12; A-A'). The location of the flat slab closely
corresponds to the Finisterre-Huon ranges, the accreted island arc terrane. The possibility that the flat
segment is the top of an arched, doubly dipping seismic zone that plunges west from the Solomon Sea [e.g.
Ripper, 1982; Davies et al., 1984; Cooper and Taylor, 1987] seems unlikely because of the lack of evidence
for the southern limb and because the zone of seismicity at 100 km is flat and is truncated abruptly to the
east, showing no eastward shallowing. Rather, it appears to form a flat portion of a seismic zone beneath
New Guinea that is distinct at depths above 125 km from the Solomon Sea plate.
It is difficult to say how crustal convergence presently seen near the Ramu-Markham fault zone [e.g.,
Rogerson et al., 1988; Davies et al., 1987; Crook, 1986] is related to the intermediate depth seismicity in
cross section A-A'. An apparent lack of seismicity above 100 km is observed here (A-A') and is apparent
in some previous studies [e.g., Pascal, 1979; Cooper and Taylor, 1987], but the sparse seismicity may be an
artifact of the general inability of the network to reliably locate earthquakes at these depths and may not
be necessarily a result of reduced seismicity (compare numbers of earthquakes in Table 2). To the
contrary, preliminary results from a microearthquake survey of the eastern end of the Ramu-Markham
fault zone show that crustal seismicity is intense near the fault zone, and that crustal deformation is likely
to be quite rapid [C. Kulig, R. McCaffrey, G. Abers and probably many others, unpublished results]. Some
increase of seismicity with depth at 100 km seems necessary to explain the abruptness of the top of the
seismic zone here. Without better locations in the upper 100 kin, though, it is difficult to tell if
earthquakes are common between the crust and the flat slab segment.
Depths below 150 kmn. Earthquakes below 150 km north of New Guinea form a thin, well defined
nearly vertically dipping seismic zone concentrated from 146 *E to 148 * E. The seismic zone is no more
than 10-20 km wide, similar to many oceanic subduction zones but different from the more diffuse
seismicity observed in places where continental material might be subducting [e.g., Roecker, 1982]. The
width of the seismic zone and the apparent correlation with high velocities below the seismic zone suggests
that an oceanic plate is being or has been subducted here. The velocities are generally low above the
seismic zone and higher below it (Figure 12), so the earthquakes are near the top boundary of the high-
velocity slab, not in the center. It is difficult to tell how much the velocities from inversions reflect high
slab velocities rather than relatively low velocities below the island arc and below the Bismarck Sea, but
the boundary between high and low velocities seems to be at the earthquake zone and not 50 km to the
north. High velocities have been observed to be offset below the seismic zone in other subduction systems,
such as Vanuatu [Chiu et al., 1985] and the central Aleutians [Engdahl and Gubbins, 1987].
The along-strike structure of the seismic zone (E-E', Figure 12) shows considerable complexity, and
may provide some insight into the nature of the boundary between the New Britain and the New Guinea
sections of the slab. A dense nest of seismicity plunges 50*-60 * to the W, from 150 km to 250 kmi depth in
the plane of the seismic zone. This lineation projects to the surface near the eastern terminus of the arc-
continent collision and may mark a boundary between the part of the slab that is actively subducting at the
surface and the part that lies flat beneath the Finisterre ranges. Focal mechanisms for earthquakes
(Figure 12 E-E', bottom), taken from the CMT catalog [e.g., Dziewonski et al., 1981], show that
earthquakes beneath western New Britain (and one beneath central New Guinea) have down-dip P axes at
intermediate depths while in the "Finisterre nest" the B axes are parallel to the plunge of the seismicity
lineation and the T axes are in the plane of the slab. These mechanisms indicate that the seismicity nest is
a zone of in-plane extension of the slab, although such deformation is difficult to reconcile with the
adjacent zones of down-dip compression. Several explanations of the nature of the Finisterre nest are
possible, for example: 1) the nest could mark a tear in the slab between a section that is still attached to
the surface and one that is not; 2) it could mark the location of a subducted boundary between normal
oceanic and continental margin lithospheres; 3) it could indicate a localization of stresses produced by the
192
eastern terminus of the arc-continent collision, for example due to differences in gravitational forces acting
on the New Britain slab from on the much shorter New Guinea slab; 4) some other unknown structure has
been subducted here. It seems likely that the apparent localization of strain in the slab at this lineation is
related to the abrupt change from oceanic subduction to arc-continent collision, but more work is needed
to determine the actual nature of this structure.
Timing of the Arc-Continent collision. The slab is continuous along strike at depths below 125 km and
is not noticeably offset between the segments where arc-continent collision has taken place and those
where it has not. The continuity indicates that the Solomon Sea was once much more extensive,
subducting northward beneath a much longer New Britain-Finisterre island arc. The closing of the
western part of this sea and the subsequent rearrangement of subduction geometry may be recorded in the
morphology of the subducted slab. The down-dip distance on the New Britain slab to the continuous 125
km depth contour (cross-section B-B') indicates - 175 km of convergence between the New Britain arc and
the Solomon Sea since the time when subduction was continuous along the Finisterre-New Britain system.
Together with convergence rates, the slab length provides an age for the collision between the Finisterre
terrane and Australia. Solomon-Bismarck convergence rates from various sources compiled by Johnson
[1979] vary from 62 to 125 mm/a, indicating that the 125 km seismicity contour was at the surface 1.4-2.8
Ma ago. It is unclear just what phase of the collision precipitated the along-strike change in slab
configuration, or even whether the change in configuration occurred at the surface or at depth, but the
continuity of the deeper part of the seismic zone indicates that before 1.4-2.8 Ma the Finisterre and New
Britain arcs had grossly similar tectonic settings. This late Pliocene-early Pleistocene date for the cessation
of continuous subduction is much more recent than the late Miocene to Pliocene date for the oldest clastic
(Leron fin.) sediments deposited on the north side of the Finisterre Ranges [Hilyard et al., 1988; Davies et
al., 1987] and indicates that some aspects of the collision may have commenced long before the subduction
pattern changed. Other changes possibly related to a Pliocene collision include the 4-5 Ma change in
Huon Peninsula rotation direction from paleomagnetism [Falvey and Prichard, 1982], the Pliocene onset of
renewed Bismarck Arc volcanism [e.g., Dow, 1977], and the 3.5 Ma opening of the Bismarck Sea [Taylor,
1979].
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Intermediate Depth Seismicity Beneath the Papuan Peninsula.
Seismicity beneath the Papuan Peninsula is concentrated between 100 and 175 km (D-D', Figure 12)
in a horizontal line 300 km long beneath the central Papuan Peninsula. Little seismicity is found at
shallower depths, despite the good network coverage that makes earthquake locations here more reliable
than anywhere else in PNG (Appendix B). Patterns of residuals for these intermediate depth events at the
closest stations (LAT, LMG, PMG) show little scatter but do not clearly indicate the presence of a high
velocity slab such as is indicated by large residuals for events in the New Britain-Finisterre seismic zones
(Figures 13-14). These raypaths are all upgoing, and would not be sensitive to structures below the
earthquakes. In cross section (D-D') the intermediate-depth zone shows no indication of a slab dip
although events do get shallower southeast near the end of the zone beneath station LMG. Thus, the
earthquake locations do not require the presence of a southwest-dipping seismic zone beneath the Papuan
Peninsula [e.g., Johnson and Jaques, 1980; Johnson, 1979] that has been suggested by some authors [e.g.,
Ripper, 1982; Cooper and Taylor, 1987]. Some intermediate depth earthquakes are reliably located, but
they do not form a dipping structure. The surface expression of the proposed seismic zone is often taken
to be the Trobriand Trough, requiring several hundred km of shortening at the trough, but recent marine
seismic studies [Reed et al., 1988] show that recent (<1 Ma) convergence rates have been no more than a
few mm/a. If the seismicity is due to subduction here the rates must have been significantly larger in the
past. In fact, given the lack of seismicity between 125 km and crustal depths (Figures 12D, 11 layers 2-4),
the lack of obvious slab dip, and the general southwest vergence of surface structures in the Peninsula it is
perhaps equally likely that a slab subducted from the SW at the Moresby Trough, on the south side of the
Papuan Peninsula.
Alternatively, the presence of intermediate depth seismicity may not necessarily require the presence
of a subducting slab. Seismicity at these depths has been found elsewhere in places where oceanic
subduction could not be responsible, notably beneath the Moroccan High Atlas [Hatzfeld and Frogneux,
1981]. Other types of lithospheric instabilities have been proposed as a consequence of lithospheric
thickening and mountain building, for example the rapid detachment of an unstable lithospheric root
beneath a thickening mountain belt [e.g., Houseman et al., 1981; England and Houseman, 1988]. It seems
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conceivable that such rapid deformation of a cold lithospheric root could produce earthquakes. This
phenomenon would explain both the lack of a well defined dip to the seismic zone and the apparent
correlation of the Papuan Peninsula earthquakes with the high topography in the Peninsula. This or
similar mechanisms for producing these events may offer alternatives to mechanisms involving subducting
slabs, and may provide a better explanation for the linear rather than tabular geometry of the seismic zone.
Still, such a mechanism remains speculative and neither the earthquake locations (Figures 11, 12, and 15)
or the patterns of residuals at nearby stations (Figures 13, 14) clearly prove or disprove the existence of a
subducting slab.
Evidence against an arc-polarity reversal, and alternative explanations.
The presence or absence of arc polarity reversal remains one of the enduring controversies of many
deep seismic zones, and beneath New Guinea in particular. Dewey and Bird [1970] used the example of
New Guinea to describe the geological effects of an arc-continent collision and subsequent polarity
reversal, and many authors subsequently have used the seismicity here to infer that such a reversal either
did [e.g., Hamilton, 1979] or did not [e.g., Johnson and Jaques, 1980; Pascal, 1979] occur. The results
presented here clearly show that the seismic zone beneath New Guinea is well defined and dips very
steeply to the north, but flattens shallower than 125 km depth. No evidence for a south dipping subduction
zone could be found. As pointed out by Johnson [1979] the apparent south dipping slab is a consequence
of projecting seismicity beneath the Papuan Peninsula onto cross sections that are perpendicular to the
Finisterre seismic zone. Although the western end of this horizontal line of seismicity does appear to
intersect the flat part of the Finisterre zone near 146*E (Figure 11, Layer 3), these two structures are
largely separated and the Papuan Peninsula seismicity does not form a south-dipping limb of the Finisterre
zone.
Still, the flat slab does not have a typical subduction geometry but flattens directly below the collision
zone and ends fairly abruptly to the south. Convergence at the surface is probably concentrated near the
Ramu-Markham fault zone although clearly not limited to it (Chapters 1 and 2), and must in some way be
related to the convergence suggested by the intermediate depth seismic zone. The lack of intermediate
depth seismicity south of the Ramu-Markham fault zone makes it difficult to explain the presence of
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volcanism and plate weakening in the Highlands [Chapter 3] and indicates that a cause unrelated to
subduction is possible. Continuity with the New Britain slab indicates that the deeper parts of the slab are
still sinking, but it is unclear what the shallower, flat parts are doing. Some possibilities are: 1) the
seismic zone is a detached slab that once was the leading edge of a subducting plate, but has now
disconnected from that plate following arc-continent collision. 2) The seismic zone is still attached to the
northern edge of the Australian continent but the part of the plate above 100 km is aseismic. The southern
limit of seismicity coincides with the northern limit of Australian continental crust, suggesting that
seismicity here could be restricted to subducted oceanic lithosphere. 3) The flat part of seismic zone is
not a slab at all, but the base of a uniformly thickening 100 km thick lithosphere beneath the Finisterre
ranges. It is unclear why earthquakes would abruptly begin at 100 km, but similar gaps in seismicity
between the crust and 70-100 km are observed in many other subcontinental regions with intermediate
depth seismicity, such as the Hindu Kush [Chatelain et al., 1980], the High Atlas [Hatzfeld and Frogneux,
1981] and Romania [e.g., Fuchs et al., 1979].
CONCLUSIONS
Both P and S wave arrival times for earthquakes beneath Papua New Guinea were used to obtain a
reliable set of earthquake locations and to place constraints on lateral velocity variations in the upper
mantle. The network geometry was inadequate to gain much information about seismic velocities at the
scale of subducting slabs, but there is some indication that velocities are 3-13% faster immediately south of
the seismic zone than north of the zone beneath the Bismarck Sea. These velocity contrasts are indicated
by results from inversions with different parameterizations, by comparison of results with those predicted
by simple slab models, and by directly examining the spatial pattern of residuals.
Earthquake locations show a well defined north dipping slab beneath northern New Guinea, flat at 100
km beneath the Huon-Finisterre ranges and nearly vertical from 150 km to 250 km beneath the Bismarck
volcanic arc north of New Guinea. There is no evidence for a southern limb or seismic zone anywhere east
of 143 *E, the western limit of the network, and the seismic zone is not simply explained by the hypotheses
of either arc polarity reversal or a doubly dipping, west plunging seismic zone. Rather, the seismicity
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beneath New Guinea is continuous with the New Britain below 125 km and discontinuous at shallower
depths, forming a flat zone at 100 km depth. The flat zone is abruptly truncated both south of the Ramu-
Markham fault zone and east of the Huon Peninsula, indicating a lack of continuity with adjacent
structures. The depth to the continuous part of the seismic zone and convergence estimates for the New
Britain Trench suggest that continuous subduction ceased along a New Britain-Finisterre system 1.4-2.8
Ma ago, although the sedimentary history suggests that the collision started much earlier.
Subcrustal earthquakes beneath the Papuan Peninsula are well located by the regional network, and
form a horizontal line of seismicity following the high topography of the Peninsula. This line of seismicity
does not resemble a tabular, dipping seismic zone associated with most subduction zones, and is of unclear
origin. It may be the remnant of southwestward subduction at the Trobriand Trough, as proposed by some
authors, or it may have subducted northeastward from the Moresby Trough. A third possibility is that this
zone is not produced by subduction in the usual sense but is instead a product of lithospheric thickening
and lower lithospheric instability produced by mountain building in the Papuan Peninsula. Even in the
well defined Finisterre seismic zone it is difficult to relate the slab configuration to surface deformation,
and simple subduction appears to be an inadequate mechanism for generating the configuration of
seismicity beneath the collision zone.
APPENDIX A: VELOCITY INVERSIONS WITH ARTIFICIAL DATA
The formal resolution determined from the velocity inversion potentially provides a measure of how
well the method can resolve earth structure, but because of the large block sizes the formal resolution is
nearly perfect for all subcrustal blocks (most resolution matrix diagonals are larger than 0.95 for blocks
below 35 km) and does not provide much insight into the quality of these inversions. A complementary
series of tests are conducted to determine whether or not the network and event geometry can resolve
simple upper mantle structures. Artificial arrival times are generated by tracing rays through a simple slab
structure and adding random noise, and these times are inverted to determine the extent to which the
initial structure can be recovered. Ray tracing was done with the same approximate method as used in the
inversion [Thurber and Ellsworth, 1980] so these times may not fully account for three dimensional slab
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diffraction effects. The same stations and earthquakes were used as for the final 3D model Q, and the
added random noise was taken from exponential distributions with standard deviations equal to the a
priori data uncertainties. In all three tests presented here the slab was parameterized as a 50 km wide
region with slownesses 5% lower (i.e. faster) than the surrounding regions.
In the first two tests the slab model geometry exactly matches the shape of the blocks used in the
inversion for either the western (New Guinea) seismic zone or the eastern (New Britain) seismic zone, so
the tests determine the extent to which the inversion will give the right answer given that the
parameterization is correct. In the first test the 0 horizontal block configuration was used to describe the
artificial structure, with a high-velocity slab defined by one fast block in the western half of the region in
each of the three layers between 71 and 271 km depth (Figure AlA). This inversion recovered the original
velocities within 1%, both within and outside of the slab (Figure A1B). A similar test was done with a
high-velocity slab in the eastern half of the region extending to 670 km depth (Figure A2A). The slab
velocities were recovered to within 0.5% and nearly all other blocks above 271 km were recovered to
within 1.5%, but velocities below 371 km were in error by as much as 3.5% indicating that the deeper slab
structure may be poorly determined (Figure A2B).
In a third test (Figure A3) the starting slab model was shifted 25 km to the north, so that the slab
boundaries were exactly half way between the vertical boundaries used in the inversion. Considerable
broadening of the slab is seen and peak velocities are reduced 1.5-2% relative to the original velocity
anomaly. Also, side lobes are generated that showing 2% decreases in velocity both south and north of the
slab. The peak-to-trough amplitude of the slab anomaly (5% in slowness) is correctly matched, however,
indicating that the primary result of boundary mismatches are errors in absolute velocity and slab width
while relative velocity anomalies of this type are less affected. The pattern of velocities determined by
inversion of real data (Figures 5-12) shows low velocities on the north side of the seismic zone only, and no
obvious decrease in velocities south of the seismic zone, indicating a somewhat different velocity structure.
198
APPENDIX B: ABILITY OF THE PNG NETWORKS TO LOCATE EARTHQUAKES AND SPATIAL BIAS IN
SEISMICITY PATTERNS
The spatial distribution of seismicity apparent from arrival time locations is different from the true
distribution of seismicity for several reasons. Errors in velocities and observations can cause events to be
located in the wrong place, small events are not located if they are not detected by enough stations, and
locations are unstable in places where the network geometry is poor. An attempt to minimize the first
problem, data and model errors, is made in this paper through the inclusion of realistic arrival time
uncertainties and improved velocity models, and a degree of success is indicated by the close grouping of
events in deep seismic zones compared to previous results. The second sort of error depends on the size
of earthquakes, and generally will lead to fewer events being detected far from the array. The third type of
error is examined here by calculating spatial variations in nominal standard errors and in condition
numbers for the hypocentral location inverse problem. The condition number (ratio of largest to smallest
eigenvalue) is independent of the data and a direct indication of the stability of the inversion for a given
network-event geometry, becoming very large for unstable inversions indicating poor station geometries.
Condition numbers and standard errors are calculated for event locations in a 1" by 1" grid at 20, 50,
and 200 km depths (Figures B1-B3), assuming that 8 P and 4 S arrival times were recorded for these events
at the stations shown. These stations were chosen because the average number of P and S picks per event
was 8 and 4 respectively, and these stations reported arrivals most frequently (Table 1), so this nominal
network simulates the recording of a typical event.
These calculations show that locations for crustal events become very poor for events just outside the
array, with condition numbers rapidly exceeding 100 (the cutoff used in event selection) and 95%
confidence errors in position exceeding 20 km. Shallow events west of 1420E and east of 152*E are
unlikely to be well located, probably because all recorded arrivals are refracted Pn or Sn . Deeper events
can be in general located farther from the array, because they are located by upgoing rays covering a wide
range of takeoff angles. This phenomena might partly explain the western termination of the seismicity
beneath northern New Guinea indicated in Figure 11. By comparison, earthquakes beneath the Papuan
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Peninsula should be well located and easily detected because they are close to many stations, so the
absence of a well defined dipping seismic zone there is unlikely to be an artifact of the network geometry.
The most unusual feature is a region at 50 km depth near west New Britain where depth errors and
condition numbers become very large (condition numbers larger than 300 are not contoured), indicating
an almost complete inability to locate events in this area, but horizontal errors are small. Inspection of the
raypaths reveals that all rays leaving the sources to the nominal network are within a few degrees of
horizontal, so that changes in source depth produce no significant change in travel times to any of the
stations and the location inversion becomes singular. Crustal events in this area are located by both
downgoing Pn and Sn refracted rays, so for a given velocity model the S-P time constrains the depth of the
event. The region of poor locations extends from the Moho to near 100 km depth, indicating that for this
network geometry events can not be located in a large area near the center of the network. Because this
region is a subduction zone and many events are expected, a seismicity map based only on local network
data might be missing a significant number of events. The addition of a station in western New Britain
would eliminate this problem, and the inclusion of teleseismic arrivals with downgoing raypaths would
stabilize the locations. Depths determined by teleseismic arrivals leads to notoriously poor depths because
all takeoff angles are small and depth couples with origin time, so is critically sensitive to the velocity
structure beneath the event. Depths for earthquakes in the upper 100 km in this region should be treated
with caution unless a station in western New Britain is included in the location. This phenomena might
explain the large (20-50 km) overestimates of depths for the 1987 Vitiaz Straits earthquakes compared to
events elsewhere in PNG [Chapter 2].
APPENDIX C: HrrMAPS
These figures (C1) show the number of P and S rays traveling through each 100 km x 100 km block,
based on 697 events from inversion T that used this block configuration (3D inversion #7 on Figure 4A).
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FIGURE CAPTIONS
Fig. 1. Location map of the Papua New Guinea region. Filled triangles show Quaternary volcanic
centers [D'Addario et al., 1976] and dashed lines show major faults. Abbreviations: PUB, Papuan
Ultramafic Belt; FTB, Fold and Thrust Belt; RMF, Ramu-Markham Fault; Huon P, Huon Peninsula;
FHR, Finisterre-Huon Ranges.
Fig. 2. Locations of cross sections (Figure 12) and seismic stations (Table 1). Large triangles
correspond to labeled stations which recorded more than 50 of the 957 events used in the velocity
inversion.
Fig. 3. Final 1D models, and 1D subcrustal structure for inversion S. Error bars are one-sigma
standard errors, and are only plotted for errors greater than 0.2 km/s.
Fig. 4. A) Variance reduction for difference inversion, and number of velocity parameters. Because
different inversions used different events, these variances were calculated for a set of 867 events located by
at least one 3D inversion, adjusted for the number of degrees of freedom appropriate for the velocity
model, taking into account number of events, blocks, and station corrections. B) Histograms of residuals
for P (top) and S (bottom) for same set of 867 events. Dotted line is for locations in 1D structure without
station corrections (#1 in Figure 4A), dashed is for structure S with a 3D top layer and a 1D mantle (#3 in
Figure 4A), and solid line is for 3D model O (#6 in Figure 4A).
Fig. 5. Top layer velocities and resolutions for inversion S. Only shown for blocks with resolution
diagonals greater than 0.8.
Fig. 6. Top layer velocities and resolutions for inversions R and R2, for blocks with resolution
diagonals greater than 0.8.
Fig. 7. Top layer velocities and resolutions for inversions Q, for blocks with resolution diagonals
greater than 0.8.
204
Fig. 8. Configuration of blocks for inversions R (top) and R2 (bottom) with layer 4 seismicity for
reference.
Fig. 9. 1D results for north and south blocks of 3D model R.
Fig. 10. 1D results for north, southeast, and southwest blocks of 3D model R2.
Fig. 11. Map view of results for inversion Q, layers 2-8 (see Fig. 7 for top layer). Velocities are shown
only for blocks with resolution diagonals greater than 0.9.
Fig. 12. Cross sections of results for inversion Q and relocations for the final set of 1921 events. Back-
projection focal mechanisms are shown with E-E', only for events below 150 km taken from the CMT
catalog [e.g., Dziewonski et al., 1981]. Velocities are shown only for blocks with resolution diagonals
greater than 0.9. Cross section locations on Figure 2.
Fig. 13. Map pattern for residuals at 6 stations, for all residuals for well-located events less than 2 s
(P) or 4 s (S). Left shows P residuals, right shows S. Top is for events in S structure, bottom for events in
3D Q structure. Triangle in center is the location of the station, identified at upper left. Positive residuals
are circles (low velocities) and negative residuals indicative of high velocities are plusses.
Fig. 14. Same as fig. 14, except for only repicked residuals that had small standard errors (cutoffs
shown on figures).
Fig. 15. Maps of relocated epicenters from set of 1921 final relocations, for shallow (top) and deep
(bottom) events.
Fig. Al. Cross sections showing tests of resolution of velocity inversion for slab structure beneath New
Guinea. A) Velocity model used to generate the artificial arrival times, corresponding to a 5% slowness
decrease in the slab. B) Inversion result after 4 iterations. The events shown are the ones used in the final
inversion. S velocities (not shown) were scaled similar to P.
Fig. A2. Same as Al for a slab structure beneath New Britain.
Fig. A3. Same as Al except the velocity model used to generate arrival times is shifted 25 km north.
Fig. Bl. Hypocenter condition numbers (top), one-sigma standard error in depth (middle) and 95%
confidence ellipses for epicenters (bottom) for earthquake locations at 20 km depth recorded by a nominal
network of 8 stations. Four open triangles indicate stations recording only P arrivals (MDG, MOM, RAB,
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and WAB) and four solid triangles indicate stations recording both P and S arrivals (ESA, LAT, LMG,
and PMG). Standard errors are scaled to residuals assumed for each arrival to be equal to the a priori
uncertainty for that station and phase.
Fig. B2. Same as B1 for earthquake locations at 50 km depth.
Fig. B3. Same as B1 for earthquake locations at 200 km depth.
Fig. C1. Number of rays passing through 100 km x 100 km blocks for each layer, for P and S.
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TABLE 1: STATION LOCATIONS AND CORRECTIONS, 635 EVENTS
Station Latitude Longitude Elev. IWTa NPb P-Cob P-RMS NSb S-Corb S-RMS b
Name m sec sec sec sec
AGE
ALOA
ALOT
ARWB
BGA
BUKB
BUNB
DAW
ESA
ESB
GKA
GRK
JAY
KAV
KCM
KDB
KET
KKI
KOA
KRT
KUPN
KVG
LAE
LAG
LAT
LMG
LML
LOL
LOSU
MAD
MDG
MOM
PAA
PIV
PNB
PMG
PUR
RAB
RAL
RPT
SUL
TAV
TBL
TKA
TLS
TOKB
-8 48.78'
-10 o 17.88'
-10 o 17.76'
-6 o 13.86'
-6 o 9.18'
-5 o 28.02'
-6 o 45.66'
-5 0 33.00'
-9 o 44.28'
-9 o 41.22'
-6 o 3.48'
-6 o 4.50'
-2 o 30.00'
-2 o 34.20'
-5 o 28.80'
-9 o 28.32'
-4 o 19.80'
-4 35.28'
-6 13.20'
4 o 21.00'
-10 o 4.48'
-2 o 34.32'
-6 o 40.38'
-5 o 27.60'
-6 o 39.18'
-8 54A48'
-6 o 43.80'
-6 31.56,
-8 30.72'
-5 13.80'
-5 0o 15.00'
-2 o 2.52'
-6 o 18.00'
-6 o 12.00'
-5 o 31.20'
-9024.54,
-6 a 59.28'
-4 11.52'
-4 o 13.20'
-4 o 17.70'
-4 o 13.20'
-4 o 13.86'
4 o 6.06'
-4 a 20.70'
-5 o 18.60'
-6 o 13.56'
148 05.94'
150 0 22.68'
150 0 27.00'
155 o 34.32'
155 0 11.04'
154 0 38.34'
155 41.88'
150028.20,
150 o 48.84'
150 0 54.18'
145 o 23.52'
145 o 23.70'
140 40.20'
150 o 49.20'
148 o 22.80'
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1510 16.50'
1510 18.18'
1520 8.76'
143 43.68'
152 10.56'
152043.08 '
149 0 29.34'
143041.22'
14303756'
143 38.40'
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10
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100
-0.26
0.13
0.20
0.31
-0.13
-0.95
-0.63
0.00
0.00
0.02
0.93
0.62
0.42
0.86
0.34
0.26
0.44
0.00
0.00
0.80
0.00
0.66
0.33
0.50
-0.05
-1.03
0.03
0.00
0.00
-0.53
0.00
2.54
0.92
1.70
0.98
1.64
0.85
0.00
0.00
2.80
ULA
ULO
VUL
WAB
WAN
WDIS
WITU
WEK
WEW
WAMW
Totals:
P RMS residual about P-
5010 0.00 0.77 2473 0.14 1.64
-4 0 59.40'
-50 3.54'
-4 o 16.98'
-5 0 29.70'
-4 o 11.64'
-905.10',
-4 0 41.52'
-3035.52'
-3 33.30'
-3 0 34.86'
Relative a priori uncertainty used in inversions
NP = number of P arrivals used, P-Cor = P station correction equal to average residual, P-RMS =
Cor, NS, S-Cor, S-RMS = same for S.
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TABLE 2: STARTING AND FINAL 1D VELOCITIES (KM/S)
Depth to top Starting 1D Model Final 1D Modela Number of eventsb
of layer (kin) Vp VS Vp V S  ISC Initial Final
-3.0 6.33 3.57 7.09±.02 3.77±.01 2794 241 623
35.0 8.05 4.45 7.94±.01 4.51±.01 3028 56 253
71.0 8.05 4.45 8.03±.01 4.52±.01 1678 219 469
121.0 8.05 4.45 8.09±.01 4.62±.01 569 183 259
171.0 8.33 4.55 8.10±.02 4.64±.01 348 206 246
271.0 8.76 4.72 8.76±.02 4.56±.02 21 21 17
371.0 9.19 4.96 9.19±.03 4.94±.03 60 31 41
471.0 9.96 5.40 10.30±.03 5.40±.03 38 10 13
670.0 10.75 5.95 10.75 5.95
Totals: 8536 957 1921
aErrors are one-sigma
blSC events recorded by 5 or more local stations, initial event selection used in velocity inversion,
and final set of all well located events in 3D structure
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